Vapour intrusions from ground water contamination in the Sutherland Shire, New South Wales: The relationship between subsurface sediment composition and risk to human health by Davies, Bethany L
University of Wollongong 
Research Online 
Faculty of Science, Medicine & Health - Honours 
Theses University of Wollongong Thesis Collections 
2015 
Vapour intrusions from ground water contamination in the Sutherland Shire, 
New South Wales: The relationship between subsurface sediment 
composition and risk to human health 
Bethany L. Davies 
Follow this and additional works at: https://ro.uow.edu.au/thsci 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Davies, Bethany L., Vapour intrusions from ground water contamination in the Sutherland Shire, New 
South Wales: The relationship between subsurface sediment composition and risk to human health, 
BEnviSci Hons, School of Earth & Environmental Sciences, University of Wollongong, 2015. 
https://ro.uow.edu.au/thsci/109 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
Vapour intrusions from ground water contamination in the Sutherland Shire, New 
South Wales: The relationship between subsurface sediment composition and 
risk to human health 
Abstract 
Groundwater contamination, in particular petroleum hydrocarbons, can result from leaking underground 
storage tanks, numerous industrial processes or accidents occurring during the transportation of 
petroleum products. Vapours can emanate from groundwater contamination, and have the potential to 
significantly decrease the quality of indoor air and negatively impact human health. However, vapours are 
not likely to travel more than 1.5 m from the source to the receptor, and attenuate significantly in the 
presence of oxygen. 
Currently national guidelines suggests that 1.5 m and 10 m of clean soil overlying groundwater 
contamination is required to attenuate dissolved-phase hydrocarbons and Light Non-Aqueous Phase 
Liquids (LNAPL) respectively to non-detectable levels. However, due to the nature of the sedimentary rock 
successions in the Sutherland Shire, these minimum soil depths are rarely met. Therefore, this study 
aimed to assess the relevance of the recommended guidelines to the Sutherland Shire. Additionally, it 
aimed to make an assessment on whether the geological successions that typify the Sutherland Shire 
form a suitable barrier to vapour intrusions. 
In this thesis six sites were examined; three underlain by Hawkesbury Sandstone and three underlain by 
Botany Sand. Available groundwater monitoring results and soil vapour results were obtained from the 
Council and additional soil vapour monitoring results were acquired when necessary. Additionally, a 
petrological study was undertaken to reveal the compositional and structural characteristics of the 
sedimentary rock successions and unconsolidated soils and sands of the Hawkesbury Sandstone and 
Botany Sand substrates. 
The results from groundwater monitoring and soil vapour testing at sites underlain by Hawkesbury 
Sandstone showed no risk to human health via vapour intrusions. There was however, an exceedance of 
the site specific screening levels for benzene, toluene and total xylene (470,000 µm/m3, 1,100,000 µm/m3 
and 140,000 µm/m3 respectively) at one monitoring well. This is likely, however, to represent a 
preferential pathway within the subsurface. As a result of the general lack of vapour exceedances at sites 
underlain by Hawkesbury Sandstone, it is suggested that the low porosity and permeability of the 
sedimentary unit acts as a barrier to vapour intrusions. 
Conversely, groundwater monitoring and soil vapour sampling was inconclusive at sites underlain by 
Botany Sand within the Sutherland Shire, due to the lack of soil vapour data. However, calculations 
quantifying the rate of natural attenuation suggested it occurs rapidly in the presence of oxygen (average 
between 30-45% in 80 cm of clean soil overlying LNAPL). Therefore, it was concluded that although sites 
underlain by Botany Sand may pose a human health risk as a result of vapour intrusions, vapours may not 
require the minimum soil depths to attenuate to non-detectible levels. 
The results of this study suggest the minimum soil depths may not be applicable in all situations. Rather, 
a site specific assessment may be required, particularly for shallow contaminants in sites underlain by 
highly porous and permeable sediments. 
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Abstract 
 Groundwater contamination, in particular petroleum hydrocarbons, can result from 
leaking underground storage tanks, numerous industrial processes or accidents occurring 
during the transportation of petroleum products. Vapours can emanate from groundwater 
contamination, and have the potential to significantly decrease the quality of indoor air and 
negatively impact human health. However, vapours are not likely to travel more than 1.5 m 
from the source to the receptor, and attenuate significantly in the presence of oxygen.  
 Currently national guidelines suggests that 1.5 m and 10 m of clean soil overlying 
groundwater contamination is required to attenuate dissolved-phase hydrocarbons and Light 
Non-Aqueous Phase Liquids (LNAPL) respectively to non-detectable levels. However, due to the 
nature of the sedimentary rock successions in the Sutherland Shire, these minimum soil depths 
are rarely met. Therefore, this study aimed to assess the relevance of the recommended 
guidelines to the Sutherland Shire. Additionally, it aimed to make an assessment on whether the 
geological successions that typify the Sutherland Shire form a suitable barrier to vapour 
intrusions.  
 In this thesis six sites were examined; three underlain by Hawkesbury Sandstone and 
three underlain by Botany Sand. Available groundwater monitoring results and soil vapour 
results were obtained from the Council and additional soil vapour monitoring results were 
acquired when necessary. Additionally, a petrological study was undertaken to reveal the 
compositional and structural characteristics of the sedimentary rock successions and 
unconsolidated soils and sands of the Hawkesbury Sandstone and Botany Sand substrates.  
 The results from groundwater monitoring and soil vapour testing at sites underlain by 
Hawkesbury Sandstone showed no risk to human health via vapour intrusions. There was 
however, an exceedance of the site specific screening levels for benzene, toluene and total 
xylene (470,000 µm/m3, 1,100,000 µm/m3 and 140,000 µm/m3 respectively) at one monitoring 
well. This is likely, however, to represent a preferential pathway within the subsurface. As a 
result of the general lack of vapour exceedances at sites underlain by Hawkesbury Sandstone, it 
is suggested that the low porosity and permeability of the sedimentary unit acts as a barrier to 
vapour intrusions.  
 Conversely,  groundwater monitoring and soil vapour sampling was inconclusive at sites 
underlain by Botany Sand within the Sutherland Shire, due to the lack of soil vapour data. 
However, calculations quantifying the rate of natural attenuation suggested it occurs rapidly in 
the presence of oxygen (average between 30-45% in 80 cm of clean soil overlying LNAPL). 
Therefore, it was concluded that although sites underlain by Botany Sand may pose a human 
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health risk as a result of vapour intrusions, vapours may not require the minimum soil depths to 
attenuate to non-detectible levels.  
 The results of this study suggest the minimum soil depths may not be applicable in all 
situations. Rather, a site specific assessment may be required, particularly for shallow 
contaminants in sites underlain by highly porous and permeable sediments.   
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Chapter One 
Introduction 
1.1 Background 
According to the New South Wales, Contaminated Land Management Act, the definition of 
“contaminated” (s 5 (1)) is the ‘presence in, on or under the land of a substance at a concentration 
above the concentration at which the substance is normally present in, on or under (respectively) 
land in the same locality, being a presence that presents a risk of harm to human health or any 
other aspect of the environment’ (NSW CLM Act, 1997).  
Contamination, in particular, petroleum hydrocarbon contamination can result from leaking 
underground or above ground storage tanks, numerous industrial processes or accidents 
occurring during the transportation of petroleum product (Sarkar et al., 2005). Most petroleum 
hydrocarbons are considered volatile or semi-volatile due to the number of carbon atoms in 
their chain, which means they partition to the vapour phase under ambient conditions (Brewer 
et al., 2013).   
Vapours can emanate from a number of contaminant sources, including historic or recent 
spills from a number of natural or anthropocentric origins (Davis et al., 2009a). Vapour 
intrusions in Australia remain a poorly understood and highly under-studied area of science 
(Davis et al., 2009b). Vapour intrusions into buildings can significantly decrease the quality of 
indoor air, and therefore, pose a significant risk to human health (Davis et al., 2004; Patterson & 
Davis, 2009).  
Due to the limited understanding of contaminant distribution and attenuation processes, 
paired with the highly variable nature of the subsurface environment, vapour intrusions into 
buildings are difficult to predict, and as a result, modelling of movement of vapours is extremely 
difficult and uncertain(Hers et al., 2002). There is currently no national guidance for the 
assessment of volatile contaminants and their associated risk of vapour intrusions into 
buildings, resulting in a number of methods and approaches being adopted (Davis et al., 2009b). 
The recently amended National Environmental Protection Measure, Assessment of 
Contaminated Sites (ACS NEPM, 2013) states that Ecological Screening Levels (ESLs) for 
petroleum hydrocarbon compounds ‘apply from the surface to 2m depth below finished 
surface/ground level’ (NEPM 1999 Vol 2 Sch B1, 2013). As the Sutherland Shire does not 
generally experience clean soils to a depth of 2 m, it raises questions as to whether areas in the 
Shire require site specific assessment of risk for each individual site.  
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‘Risk based approaches’ are now common when dealing with vapour intrusions. This means 
that if there is no exposure to the contaminants or risk of vapour intrusion to a receptor (human 
or environmental), then there is no risk to human or environmental health (Laubacher et al., 
1997).  
1.2 Background legislation and guidelines 
1.2.1. Contaminated Land Management Act 1997 
The Contaminated Land Management Act 1997 (CLM Act) underwent a number of 
amendments in 2003 which came into force in 2008. The CLM Act regulates significantly 
contaminated land by giving the Environmental Protection Agency (EPA) control over the sites 
(Farrier & Stein, 2011). If the EPA declares a site to be significantly contaminated, they can issue 
a preliminary investigation order to assess potential contaminants. However, if the EPA decides 
a site is not significantly contaminated, they no longer have the power to regulate the site, and 
the onus falls to the relevant local Council (Farrier & Stein, 2011).  
1.2.2. National Environment Protection Measures  
The National Environment Protection Measures (NEPMs) are legislations intended to protect 
aspects of the Environment, one of which is the assessment of contaminated site guidelines.  
NEPMs are provided for under the National Environment Protection Acts (NEPA Acts). The main 
objective of the act is to provide a consistent approach to dealing with contaminated land in 
Australia, while protecting humans and the environment.  
1.2.3. CRC Care 
CRC Care is a self-governing organisation providing guidance on contaminated air, soil and 
groundwater. CRC Care performs research and provides policies for assessing, remediating and 
preventing contamination. A number of their technical reports are referenced in this thesis.  
1.3 Regulations under the Australian risk assessment framework 
for groundwater contamination and vapour intrusions in New 
South Wales 
1.3.1. Conceptual Site Model (CSM) 
A CSM is a simplified description of a real world system developed early on in a projects life 
cycle (ITRC, 2008). A CSM includes historical information about the sites previous and current 
land use, hydrogeology and soil data, regional setting, environmental setting, potential 
chemicals stored on premises, groundwater levels, potential receptors and surface features 
(Davis et al., 2009b; Government of Western Australia, 2014). The aim of the CSM is to identify 
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the risk to human health and the environment, as well as identify gaps in the data or knowledge 
of the area or contaminants of concern (Government of Western Australia, 2014).  
A CSM should include information regarding three things: 
- The nature of contamination: the source, size, position, composition and concentration of the 
contamination; 
- The pathway: site lithology (homogeneous sediments, diffusive barriers etc), groundwater 
capillary fringe effects, biodegradation and pressure effects, and; 
- Potential receptors: building use, occupancy, building construction and ventilation rates 
(Government of Western Australia, 2014).  
1.3.2. The tiered approach 
The Tiered approach in contaminated land is undertaken in three progressive stages of 
assessment. When contamination levels or risk to human health exceeds the limits of the first 
level, the next level must be investigated. Each stage requires progressively more details 
regarding data collection and analysis, and as this occurs, the level of uncertainty decreases and 
the CSM becomes more detailed (NEPM 1999 Vol 9 Sch B6, 2013).  
Tier 1 
Also called the primary screening level, the Tier 1 approach is the first stage of the site 
assessment. It usually comprises of a field investigation, survey of surrounding areas to identify 
possible receptors and comparing maximum concentrations to Health Investigation Levels 
(HILs) (Iowa Department of Natural Resources, 2014). Exceeding Tier 1 criteria generally 
requires the completion of a more detailed Tier 2 assessment (NEPM 1999 Vol 9 Sch B6, 2013). 
The source, receptor and pathway are all taken into account during the Tier 1 assessment (Iowa 
Department of Natural Resources, 2014). 
Tier 2 
A Tier 2 assessment, or secondary screening, occurs if assessment criteria in Tier 1 are 
exceeded. This assessment includes site-specific risk-based criteria for comparison with site 
data (NEPM 1999 Vol 9 Sch B6, 2013). The aim of a Tier 2 assessment is to determine the risk to 
human health and the environment from the contaminant of concern (Iowa Department of 
Natural Resources, 2015). At this stage, measured or estimated site data are compared with 
generic criteria generally predicting the ‘worst case scenario’ (US EPA, 2002). As with Tier 1, an 
exceedance of Tier 2 criteria may result in a Tier 3 assessment.  
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Tier 3 
Tier 3 assessment is also known as a Site-Specific Pathway Assessment and may be required at 
the exceedance of Tier 2 criteria (US EPA, 2002). A Tier 3 investigation is likely to occur when 
petroleum hydrocarbon contamination poses a risk to human health or the environment 
(Clements et al., 2009). It involves more detailed site-specific information, and usually includes 
some kind of statistical method and mathematical modelling, usually focusing on the risk-
driving contaminants (NEPM 1999 Vol 9 Sch B6, 2013). In particular, a Tier 3 assessment will 
focus on vapour migration and potential exposures.  
Appendix A shows soil vapour health screening levels, as well as soil and groundwater health 
screening levels for vapour intrusions.  
1.4 Aims and objectives 
This study focuses on selected sites within the Sutherland Shire with petroleum 
hydrocarbon contamination resulting from decommissioned petrol stations. The general aims of 
the study are: 
1. Review current Contaminated Land guidelines and technical documents for risk to 
human health via vapour intrusions to assess if the Shire requires a site-by-site analysis. 
2. Review available data including existing geological information, bore hole logs, depth to 
groundwater and seasonal fluctuations as they relate to potential for hydrocarbon 
migration from underground storage tanks. 
3. Draw conclusions on the relevance of the current technical guidelines on vapour 
intrusion to the sedimentary rock successions and unconsolidated sands and soils of the 
Sutherland Shire council district to determine whether site specific assessment may be 
required. 
4. Make an assessment on whether the geological successions that typify the areas of the 
Sutherland Shire form a suitable barrier to vapour intrusion pathways. 
1.5 Rationale  
Vapour intrusions resulting from groundwater contamination have the potential to 
adversely affect human health and the environment. However, studies have shown that vapours 
biodegrade significantly in the presence of oxygen as they move away from the source (Davis 
2010). Vapours are not likely to travel more than about 1.5 m from the source of contamination 
to indoor air (Fitzpatrick & Fitzgerald 2002), particularly with a sufficient thickness of overlying 
clean soils.  
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However, shallow depth of groundwater and a limited depth of clean soils are common in 
the Sutherland Shire. Similarly, there are also a number of petroleum hydrocarbon 
contaminated sites which pose both an environmental and human health risk. Therefore, it is 
unclear if the Sutherland Shire is at risk of vapour intrusions from groundwater contamination. 
This thesis uses available groundwater and vapour data, geological information and bore holes, 
as well as performing soil vapour monitoring events and sediment core drilling to assess the 
risk of vapour intrusions within the study area. Similarly, it compares the results from the 
sediment cores with the existing geological and soil information to assess the impact the 
underlying substrate has on the movement of vapour intrusions. Finally, this thesis considers if 
there are any areas within the Sutherland Shire where the technical guidelines can be used or 
whether site specific assessment of risk is required for each site and where data gaps exist in 
the analysis.  
1.6 Thesis structure 
This thesis is divided into six chapters; Chapter One includes a background and general 
introduction into groundwater contamination and related vapour intrusions. It briefly covers 
background legislation and guidelines in Australia. Chapter Two is a summary of related 
literature on petroleum hydrocarbons, groundwater systems and vapour intrusions. It includes 
a number of case studies related to the topic in an attempt to identify the significance of the 
study. Chapter Three provides an overview of the study area, including the local geology, 
hydrogeology and soil characteristics of the Sutherland Shire. Chapter Four outlines the 
methods used in the study and the results found. The chapter begins with a petrographic 
description of the material at the two main study sites. The second section of Chapter Four (4.2) 
presents the results from a number of groundwater and/or soil vapour monitoring events at all 
six study sites within the Sutherland Shire. This section is further separated in sites underlain 
by Hawkesbury Sandstone and Botany Sand in an attempt to clearly present the data. Chapter 
Five presents a discussion of the results and its implications for the Sutherland Shire. In 
addition, the results are compared with relevant literature, and a number of limitations are 
addressed. The conclusion is presented in Chapter Six.  
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Chapter Two 
A review of petroleum hydrocarbons, groundwater systems and 
vapour intrusions 
 
2.1 Petroleum hydrocarbons and natural attenuation in groundwater 
systems 
Petroleum is a naturally occurring compound formed millions of years ago from the 
compression and heating of organic compounds below the Earth’s surface (Lopez et al., 2008). 
Petroleum hydrocarbons are the primary constituent in petrols, jet fuel, kerosene and diesel 
fuel and are composed of up to 200 different compounds (Atlas, 1981). Contamination in the 
subsurface environment, such as petroleum hydrocarbons, can be the result of leaking 
underground or above ground storage tanks, numerous industrial processes or accidents 
occurring during the transportation of petroleum product (Sarkar et al., 2005). Due to their 
widespread use as fuels and oils, petroleum hydrocarbons are a common source of 
contamination globally, and today, represent a large proportion of Australia’s contaminated 
land (Clements et al., 2009). In 2012 alone, 300 contaminated sites in NSW were reported to the 
Environmental Protection Agency (EPA), 37% of which included service stations and other 
petroleum industrial sites (NSW EPA, 2012b). As of 2013, there are an estimated 30,000 
contaminated sites in NSW with varying degrees of environmental impact (NSW EPA, 2013).  
Toxic and carcinogenic chemicals within petroleum such as benzene, toluene, 
ethylbenzene, xylene (BTEX) and naphthalene present a human health and ecological risk 
(Naidu et al., 2012). They have been found to affect blood, the immune system, renal and 
respiratory organs. This is primarily due to hydrocarbons containing hazardous chemicals 
including benzene, toluene, ethylbenzene, xylene and naphthalene (Sarkar et al., 2005). 
Additionally, vapours emanating from petroleum contamination are flammable and have the 
potential to be explosive (NSW EPA, 2012a).  
Petroleum hydrocarbon compounds fall into two complex groups; aliphatic and 
aromatic hydrocarbons. Aliphatic hydrocarbons consist of linear chains of carbon atoms. This 
group includes alkanes; which consist of only carbon and hydrogen atoms in a straight or 
branched chain; cycloalkanes; which contain one or more rings of carbon atoms to form a cyclic 
structure; and alkenes; which contain double bonds between some carbon atoms, but are 
otherwise very similar to alkanes. The other group of petroleum hydrocarbons is the aromatics, 
which consist of ring structures with alternating single and double bonds between carbon 
atoms. 
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Individual hydrocarbons can differ significantly in their structure and composition. The 
geographical origin and formation of petroleum compounds plays a large role in their chemical 
composition and structure (Friebal & Nadebaum, 2011). The chemical composition of the 
hydrocarbon will ultimately define its movement and distribution through the subsurface 
environment. For example, the number of carbon atoms determines the volatility of petroleum. 
‘Volatile’ to ‘semi-volatile’ compounds are carbon chains with less than sixteen carbon atoms 
(Figure 1), causing them to be the focus for vapour intrusion studies due to their tendency to 
partition into the vapour phase under ambient conditions (Brewer et al., 2013).  Differences in 
the number of carbon and hydrogen atoms, and the structure of the compound can alter 
characteristics such as boiling point and solubility. Due to this, their expected behaviour is often 
difficult to predict (Friebal & Nadebaum, 2011). Both aliphatic and aromatic hydrocarbons have 
adverse effects when in contact with humans and the environment, particularly through 
inhalation of vapours and when contamination reaches groundwater or aquifers, or direct 
contact with affected soils (NEPM 1999 Vol 2 Sch B1, 2013).  
 
 
 
Figure 1: Composition of typical petroleum fuels with respect to the number of carbon atoms 
(Source: Brewer et al 2013, page 2444). 
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The movement of petroleum hydrocarbons through the subsurface environment is also 
determined by the characteristics of the environment in which the contamination is released 
(CRC Care, 2013b). Attributes of particular importance are the density and viscosity of the 
compound. Similarly, the hydrogeological characteristics at the site contribute significantly to 
the distribution and migration of the contamination.  
2.1.1. Subsurface structural discontinuities and their influence on hydrocarbon 
migration 
Subsurface structural discontinuities, such as fractures, faults and cleavage, have a 
significant influence on the movement of groundwater through a system (Singhal & Gupta, 
2010). Faults within bedrock will either act as channels for groundwater flow or as an 
impediment, depending on the characteristics of the fault (Dafny et al., 2013). Bense et al. 
(2003) provide an example of where faults act as a barrier for groundwater movement in the 
Roer Valley Rift System, in Germany, concluding that faults have a profound impact on the 
structure of aquifers at a local and regional scale. At a regional scale (>10 km) faults have 
resulted in large hydraulic head gradients over a relatively small area, suggesting that faults 
may impede the flow of groundwater (Bense et al., 2003). At a local scale, faults can result in an 
abrupt change in soil types over a very small area, causing groundwater to move at various 
rates through the different soils. 
In the Rialto-Colton alluvial aquifer in California (USA), water levels can differ by up to 
60 m due to extensive faulting of the area (Izbicki et al., 2015). This area is underlain by 
Quaternary age alluvial sediments, while Tertiary age granitic bedrock forms the base of the 
groundwater system. Faulting occurs extensively throughout the area, with little to no surface 
expression. Margins of the groundwater sub-basins are determined by the differences in 
groundwater elevation associated with the faults. This large difference in water level shows the 
fault is a barrier to the flow of groundwater in the subsurface (Izbicki et al., 2015). 
 Bedding planes are usually the most important discontinuity surface in sedimentary 
rocks, such as sandstones (Singhal & Gupta, 2010). The study of microbial contamination within 
two sandstone aquifers in the United Kingdom found the penetration of faecal contamination to 
depths of 90 m below ground level, attributed to the preferential pathway formed by a bedding 
plane within the sandstone (Powell et al., 2003). Factors such as permeability and porosity also 
have a significant effect on the movement of groundwater through the subsurface, and will be 
discussed in detail in section 2.2.4.  
2.1.2. Natural attenuation of petroleum hydrocarbons in groundwater  
Natural attenuation (NA) of petroleum hydrocarbons involves the reduction in 
concentration of contaminants in terms of their mass, toxicity, volume and mobility by natural 
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environmental processes without the need for human intervention (Pope & Jones, 1999).  
Petroleum hydrocarbons undergo NA as chemical, biological or physical processes (outlined 
below) occur in the soil and groundwater as contaminants travel away from the source to the 
surface and any building foundations that may be present. In some cases, NA can be used as a 
means of remediation of site contamination, however, it is often used in conjunction with other 
processes.  A number of these processes are outlined below: 
Chemical  
Sorption 
Vapours come into contact with soil moisture and penetrating rainwater as they move 
through the unsaturated zone above the water table (Tillman & Weaver, 2005). Sorption 
includes both the process of absorption and adsorption, where chemicals partition to the solid 
phase under ambient conditions (Piwoni & Keeley, 1990). Sorption may occur when vapours 
move through the unsaturated zone and come into contact with soil matter. Sorption of organic 
contaminants, such as petroleum, occurs onto soil organic matter and mineral surfaces (Loibner 
et al., 2006), increasing the accumulation of contaminants onto soil media (McCarthy et al., 
1981). High sorption rates of petroleum hydrocarbons favour NA in groundwater systems (US 
EPA, 2012b). 
Physical  
Volatisation 
Volatisation, also known as evaporation, occurs when air currents cause vapours to 
disperse and therefore degrade (Pope & Jones, 1999). Landfarming is an example of utilizing the 
process of volatisation to attenuate hydrocarbons. Landfarming is a process by which 
hydrocarbon contaminants are spread in a layer 0.3-1.0 m thick, added with nutrients and 
mixed sporadically. During this process, hydrocarbons are lost through volatisation or 
biodegradation, and therefore their concentration decreases (Besalatpour et al., 2011) 
Landfarming was utilized as a remediation technique of diesel fuel in the Canadian 
Arctic (Paudyn et al., 2008). In this case, soils from two contaminated sites were excavated and 
transferred to an area specifically prepared with a slope less than 5%, to prevent excessive run-
off. Contaminants were distributed into four 5 m by 5 m plots with depths of 0.3 m. One plot was 
used as a control, two plots were periodically aerated, one every day and one every four days, 
while the remaining plot was aerated every four days with the addition of fertilizer. Soil samples 
were collected and analysed after 16, 31, 335, 367, 388, 699 and 725 days. The results from 
statistical analysis show a decrease in contaminants over the two-year period, with a significant 
difference between the control plots and treatment plots. The study determined that the 
addition of fertilizer with aeration of soils every four days reduced contaminants by more than 
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80% over the two-year period (Paudyn et al., 2008). However, aeration of soils alone showed 
little to no biodegradation of contaminants. Therefore, concluding that landfarming (and 
volatisation) is most effective when soils are aerated with the addition of fertilizer (Paudyn et 
al., 2008) 
The NSW EPA provide guidelines regarding the utilization of landfarming for 
contaminants and its suitability as a remediation option in New South Wales (NSW EPA, 2014). 
Landfarming is considered suitable for BTEX, total petroleum hydrocarbons, polycyclic aromatic 
hydrocarbons and phenolic compounds (NSW EPA, 2014). The suitability of landfarming in New 
South Wales is also dependant on a number of factors including contaminant concentration, 
volume of soils contaminated, hydrology, site area and topography, local geology and 
hydrogeology and a number of others (NSW EPA, 2014), and therefore, the suitability should be 
assessed on a site-to-site basis.  
 
Dispersal and dilution 
Concentration of contaminants decreases with increased distance from the source (US 
EPA, 2012a). This is due to dispersal and dilution of the contaminants as they move through the 
subsurface environment (Pope & Jones, 1999).  Diffusion is the process by which particles 
spread out as a result of random collisions between molecules and themselves or between 
molecules and their surroundings (Tillman & Weaver, 2005). Molecules will diffuse from an 
area of high concentration, to an area of lower concentration under most environmental 
conditions. In the case of a petroleum plume above the water table, vapours will naturally 
diffuse towards the land surface (Tillman & Weaver, 2005) 
Biological  
Biodegradation:  
Biodegradation is the process by which concentrations of petroleum contaminants 
decrease due to the presence of free oxygen within the subsurface (Davis et al., 2009a).  Aerobic 
biodegradation may play a significant role in reducing vapour intrusions into buildings, with the 
potential to reduce the magnitude of hydrocarbon vapours by several orders of magnitude 
(Abreu & Johnson, 2006). Studies have shown that little biodegradation generally occurs with a 
lack of oxygen, as discussed below (Davis et al., 2009b). Therefore, there is strong evidence to 
suggest biodegradation is strongly limited by the availability of oxygen. 
Biodegradation is viewed as one of the most important attenuation processes for 
volatile organic compounds (VOCs), due to the irreversible destruction of contaminants, low 
cost and minimum effort required (Naidu et al., 2012). The process of biodegradation occurs as 
a result of an oxidation/reduction reaction caused by the presence of bacteria in the soil as 
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vapours partition into soil moisture (Tillman & Weaver, 2005). Natural attenuation as a means 
for remediation of contaminants has been documented a number of times (Naidu et al., 2012). 
A cross-sectional view through a building slab-on-ground and subsurface environment 
shows overlap of VOC and oxygen concentration (Figure 3), suggesting biodegradation of 
petroleum is generally limited to the narrow fringe zone at the intersection of the plume and 
surrounds (Patterson & Davis, 2009). The absence of an overlapping layer of oxygen and VOC 
concentrations suggest the presence of oxygen is a limiting factor in the biodegradation of 
petroleum (Davis et al., 2009b). Davis et al. (2009a) and Patterson and Davis (2009) provide 
supporting evidence to argue the relationship between oxygen concentrations and total 
petroleum hydrocarbon vapour concentration (Figure 3).  
 Davis et al. (2009a) compared in-situ oxygen concentrations with hydrocarbon vapour 
concentrations and the results are represented in Figure 2. The graph depicts the strong 
relationship between the presence of oxygen and the absence of hydrocarbon vapours, and vice 
versa, with the exception of an outlier, Site G, which detected the presence of both oxygen and 
vapours (Davis et al., 2009a). 
Figure 2: Petroleum hydrocarbon concentration compared with oxygen concentration. 
Source (Davis et al., 2009a, p. 14).  
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Figure 3: Vapours migrating vertically upwards through the vadose zone (unsaturated zone) from a source 3 m 
below ground level. Contours show the concentration of VOC’s and oxygen. Source: (Patterson & Davis, 2009, p. 
651). 
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Biodegradation of a gasoline plume from a neighbouring petroleum distribution 
terminal, operation for seventy years, was observed in northeastern United States (Laubacher et 
al., 1997). The study documented the distribution of hydrocarbon vapours vertically beneath 
and around a two-story building with a basement slab extending to around 2.4 m below the 
surface in good condition with little cracking. The petroleum distribution terminal leaked, 
causing a dissolved phase gasoline plume into the groundwater which migrated to neighbouring 
residential areas. Soil and vapour samples were taken from the north and south of the site, as 
well as from beneath the basement. Soil vapour monitoring points were installed at two 
locations outside the house, located 1.4 and 4.5 m from the building foundation and measured 
vapour at depths of 1.2, 2.4, 3.6 and 4.8 m below ground level (BGL). An additional three 
monitoring points were installed within the basement, and monitored the vadose zone at 2.4, 
3.6 and 4.8 m BGL (Laubacher et al., 1997). The soils at the site were found to be composed of 
medium and coarse brown sand with minor silt fractions. In addition to soil vapour monitioring, 
vadose zone oxygen sensors were installed at four depths, measuring oxygen in the vadose zone 
(unsaturated zone).  
Results of the soil and vapour monitoring beside the building showed a strong inverse 
relationship between total hydrocarbon vapour, carbon dioxide and oxygen (Figure 4a). As 
oxygen levels decreased with increased depth below the surface, total hydrocarbon vapour and 
carbon dioxide levels are shown to increase. This graph clearly shows the effect biodegradation 
has on total hydrocarbon vapour concentrations. Oxygen is evidently the limiting factor in the 
biodegradation of hydrocarbon vapours, as degradation ceases to occur when oxygen levels are 
exhausted at a depth of 3.6 m (Figure 4a). This is the expected behaviour of petroleum 
hydrocarbons that undergo biodegradation as they move towards the surface, and away from 
the source (Davis et al., 2009b; US EPA, 2012b). This relationship also suggests that the vadose 
zone above the contamination is completely aerobic. 
However, the results obtained underneath the building are significantly different (Figure 4b). 
Results indicated the lack of oxygen at all sampling depths (3.6-4.8 m below surface), while 
carbon dioxide and total hydrocarbon vapour was measured at each sampling depth (2.4, 3.6 
and 4.8 m) (Figure 4a). In contrast, in the area beside the building, the profile indicates that the 
vadose zone beneath the building is a completely anaerobic environment (Figure 4b). Again, it 
also suggests oxygen as the limiting factor in the biodegradation of hydrocarbons as the 
concentration remains relatively consistent in the absence of oxygen. In this case, it is believed 
that the concrete floor acted as a barrier for vapour intrusions into the building, as vapours 
were not found at levels of concern inside the building (Laubacher et al., 1997). 
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Figure 4: Graph representing the vertical distribution of total hydrocarbon vapour, oxygen and 
carbon dioxide from a) approximately 1.5m to the north of the site and b) underneath the 
basement. Image adapted from (Laubacher et al., 1997, pp. 405-6). 
Monitoring natural attenuation (MNA) was evaluated as a potential method of 
remediation for a long-term petroleum hydrocarbon contaminated site located at the Royal 
Australian Air Force (RAAF) Base, Williamtown, Australia (Naidu et al., 2012). MNA utilizes the 
process of biodegradation of hydrocarbons as a form of remediation, usually in combination 
with the physical removal of the contaminated source (Pope & Jones, 1999).  
The RAAF Base was operating a fuel facility between 1963 and 1984, where two above 
ground and two below ground fuel tanks had a combined capacity of 181,160 L. Soil and 
groundwater sampling revealed Total Petroleum Hydrocarbon (TPH) and BTEX within the soil 
samples at a depth of 1-3 m in the smear zone (fluctuations in water table bring free product 
into soils). TPH was found at concentrations well above the Australian National Environmental 
Protection Measure (NEPM, 1999) in the majority of samples taken from 1-2 m and 2-3 m depth 
soil cores.  
Groundwater sampling and analysis revealed the detection of petroleum hydrocarbons 
in groundwater over an area of approximately 14,100 m2, with TPH included in the 
contaminants of concern. Assuming no degradation of hydrocarbons occurred, the 
contaminants could be expected to travel a distance of between 1,096 m and 11,496 m in 30 
years from when the site was first contaminated, based on hydrological parameters. However, 
the plume has remained stable since 2005, and has only been reported to have travelled a 
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distance of 170 m from the initial source. This behaviour has been attributed to NA, and was 
confirmed due to the presence of TPH degrading bacteria found in groundwater samples both 
from the source area and down gradient in the plume (Naidu et al., 2012).  
The ‘vapour intrusion attenuation factor’, developed by Johnson and Ettinger (1991), 
relates the vapour concentration of a contaminant in indoor air with the concentration in the 
subsurface. The parameter (α) is calculated by the concentration in indoor air (Cindoor) of the 
chemical under investigation divided by the concentration immediately above the source of 
contamination (Csource) as follows:  (US EPA, 2012).  
 
 
 
2.2 Groundwater Systems 
2.2.1. The hydrological cycle 
Groundwater is not only important to humans, it is also a very important part of the 
hydrological cycle, due to the direct interaction of groundwater and water on the Earth’s surface 
and in the atmosphere (Pye & Patrick, 1983). The word ‘groundwater’ encompasses all water 
that occurs below the land surface.  The importance of groundwater is inarguable - from being a 
drinking source for many rural towns and communities to providing water for several major 
industries, as well as supporting ecosystems such as wetlands (Department of Land & Water 
Conservation, 1998).  
The hydrological cycle comprises three main components: precipitation, migration and 
evaporation (Figure 5). After a rainfall event, surface water will run into streams, lakes or larger 
water bodies. Some water will be evaporated, and some will percolate, or infiltrate into the 
ground. This water will either remain in the surface topsoil, eventually evaporating or be used 
by plants and animals. Alternatively, water may seep through the topsoil passing through the 
unsaturated zone through pores within the soil or rock. The water will continue to percolate 
until the pores within the rock and soil are saturated. This boundary is known as the water table 
(SCCG, 2006).  
At a global scale the hydrological cycle is far more complex. Groundwater and surface 
water constitute a minute proportion of the total percentage of water on Earth (1.7%) (Graham 
et al., 2010), while around 96.5% of global water is in oceans and 1.7% is locked up in icecaps, 
glaciers and snow.  
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The occurrence of groundwater is generally categorized in three groups: 
 Unconsolidated soils and sediments: Groundwater is contained within the pore 
space of sediments such as sands and gravel (Department of Land & Water 
Conservation, 1998). 
 Sedimentary rocks: Groundwater occurs within the pore spaces within in rocks 
and in the fractures and joints of consolidated or semi-consolidated formations 
including sandstones, limestone and shales (Department of Land & Water 
Conservation, 1998).  
 Fractured rocks: Groundwater occurs mainly between fractures and joints of 
igneous and metamorphic rocks including granite, basalt and schists (Department of 
Land & Water Conservation, 1998). 
 
Groundwater tends to move down gradient under the influence of gravity. Therefore, 
the rate of groundwater movement tends to be determined by the hydraulic gradient. However, 
the porosity and permeability of the sedimentary rock successions also has a significant impact 
on residence times of groundwater (SCCG, 2006). Depth to groundwater can vary significantly 
between seasons, as well as after considerable rainfall or periods of drought.  
Groundwater residence times can differ significantly from region to region, and a 
knowledge of these times is important when understanding contamination transport in 
groundwater (Stuart et al., 2010). Generally, residence times can be assessed using isotopic 
tracers, including radiocarbon (14C) (Atkinson et al., 2014; Cendon et al., 2014; Stuart et al., 
2010) and chlorine 36 (36C) dating (Bentley et al., 1986).  
Groundwater was found to be relatively young (ten years or less) in the porous and 
fractured limestones of the Maltese Islands, yet calculations indicated some proportions, 
particularly the unsaturated zone with high primary porosity, where groundwater may be forty 
years or older (Stuart et al., 2010). The extensive differences in groundwater age can be 
attributed to the recharge times of the aquifers and aquifer porosity. In contrast, there are areas, 
such as the Great Artesian Basin, where groundwater age ranges from less than one hundred 
thousand to over one million years old (Bentley et al., 1986).  
Groundwater residence time was found to play an important role in the distribution of 
contaminants in Chuncheon, Korea (Kaown et al., 2009). Elevated levels of nitrate in the 
groundwater as a result of agricultural activities pose a human health risk, as groundwater is 
commonly used from drinking water. The western proportion of the area is underlain by a 
shallow, unsaturated zone (5-9 m) and an alluvial aquifer, while the eastern proportion is 
underlain by a fractured granite aquifer. While 3H/3He and CFC methods determined the age of 
the groundwater in the area to be between 13-30 years old, the eastern proportion of the basin 
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showed mean residence times of 10-25 years, while the western proportion indicated times of 
less than 15 years (Kaown et al., 2009). The western proportion of the basin showed higher 
rates of nitrate than the eastern proportion, although the groundwater residence times was up 
to 10 years less on average. This is due to the increased use of manure and chemical fertilisers 
containing nitrate in recent years.  
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Figure 5: The Water Cycle, representing the three main components; precipitation, migration and evaporation. Source (Department of Land & Water Conservation, 
1998, p. 11) 
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2.2.2. Aquifers 
Aquifers are subsurface geological formations where groundwater occurs (SCCG, 2006). 
An aquifer is a saturated sediment or rock mass from which groundwater occurs in volumes 
that are usably extractable. Aquifers can be further divided as (Figure 6):  
1. Unconfined aquifers: Absence of a confining layer above the aquifer and they are often 
shallow (Figure 6). They are also directly affected by climatic factors, particularly 
precipitation. The top of an unconfined aquifer is the water table (Goulburn-Murray 
Water, 2010). The standing water level of an unconfined aquifer defines the zone where 
the groundwater pressure is equal to the atmospheric pressure (SCCG, 2006). 
Unconfined aquifers are the most prone to contamination as they are only recharged by 
water percolating through the soil  from the surface (Pye & Patrick, 1983).  
2. Confined aquifers: Permeable rock units which occur at greater depths than 
unconfined aquifers (Figure 6). Confined aquifers contain groundwater under pressure 
due to overlying impermeable materials. An upper boundary restricts the confined 
aquifer and limits the movement of water to other aquifers (Goulburn-Murray Water, 
2010). Groundwater within this layer generally rises to a level known as the 
potentiometric surface, or the top of the aquifer unit  (SCCG, 2006). Contamination may 
occur in confined aquifers for a number of reasons including contaminating activities 
occurring at the recharge zone or if contamination seeps in from a contaminated aquifer 
through an aquitard, through which no flow occurs (Pye & Patrick, 1983).   
3. Perched aquifers: These occur above unsaturated rock formations where an 
impermeable layer prevents the downward infiltration of groundwater (Goulburn-
Murray Water, 2010). Generally, this impermeable layer separates the aquifer from the 
water table (Figure 6). A perched aquifer is, therefore, defined as being separated from 
the main water table by an unsaturated zone (SCCG, 2006).  
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Figure 6: Schematic diagram representing the three main aquifer types. Source (Colorado Geological Survey 2003)
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2.2.3. Factors affecting groundwater quality 
In the Sydney region, groundwater is used for domestic water supply, irrigation, 
commercial uses, industrial processes and for cooling purposes in industries (SCCG, 2006). The 
quality of groundwater differs significantly from region to region (Department of Land & Water 
Conservation, 1998). Contamination from human activities, including industrial activities, the 
use of pesticides and fertilisers, sewage pipes, septic tanks and landfill sites can significantly 
decrease the quality and usability of groundwater. If groundwater contamination is confined 
within an aquifer, the pollution will eventually be transported to the discharge area, which may 
be a river, stream or larger water body (Department of Land & Water Conservation, 1998).  
The movement of groundwater can range between 150 m/year (through the Botany 
Sand aquifer) and <1 m per year (through the Hawkesbury Sandstone) (SCCG, 2006). Due to the 
slow rate of groundwater movement, contamination can remain idle for months and years, and 
may be very difficult and costly to remediate (Department of Land & Water Conservation, 
1998). However, due to the slow rate of groundwater movement, contamination often only 
affects a small proportion of an aquifer for a substantial amount of time (Pye & Patrick, 1983).  
In general, contamination can be defined as either point or diffuse sources. Point sources 
are commonly localized and identifiable sources of contamination, which may include landfill 
sites. Diffuse sources occur over a wider range and are not as easily identifiable as a single 
source of pollution, which generally includes activities such as urban run-off (Department of 
Land & Water Conservation, 1998).  
2.2.4. Influence of porosity and permeability on groundwater pathways 
The hydraulic gradient is defined as the difference in groundwater level between two 
points (usually determined by bore monitoring wells), and determines the rate and direction at 
which groundwater moves through the subsurface (SCCG, 2006). Similarly, movement of 
groundwater is determined by the sedimentary rock successions and unconsolidated sands and 
soils of an area and the degree to which water can migrate from one geological medium to 
another (Pye & Patrick, 1983).  
However, porosity and permeability characteristics of the subsurface are the most 
significant influences on groundwater movement (Figure 7).  Porosity is the amount of air space 
between soil or rock particles. Primary porosity develops at the time of deposition of sediment 
while secondary porosity may be induced with weathering or events occurring after deposition, 
including fractures (SCCG, 2006). Porosity can range from zero, or near zero (dense crystalline 
rock or highly compacted shale), to over 60% (highly weathered granite) (Domenico & 
Schwartz, 1990).  
Permeability, on the other hand, relates to the size and interconnectivity of the pore 
spaces, and is a measure of the amount of fluid that can be transmitted through a porous 
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substrate, in a given time (SCCG, 2006). Aquifers are suitably permeable to supply water to 
wells, as they allow groundwater to pass through the aquifer boundaries readily.  
 
 
 
 
 
 
  
Figure 7:  Relationship between of porosity and permeability, as shown, is dependent 
on grain size, sorting and the presence of fractures (Source: SCCG Groundwater 
Handbook, pg. 13) 
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2.3 Vapour intrusion pathways and their relation to porosity, 
permeability and mineralogy of the host rocks and sediments 
Vapour intrusions are defined as the ’migration of volatile chemicals from the subsurface into 
overlying buildings’ (US EPA, 2002). Vapour intrusions can decrease indoor air quality and pose 
a health risk to residents (NEPM 1999 Vol 2 Sch B1, 2013). The pathway via which vapours 
travel into indoor air is referred to as the vapour intrusion pathway (US EPA, 2012a), and is 
represented in Figure 8. A more detailed diagram of vapour intrusions from dissolved 
contamination in groundwater is shown in Figure 9, depicting the vadose zone and capillary 
fringe, the likely path of vapours through building slab cracks and joints, and the circulation of 
contaminants in indoor air. 
 
Vapours generally attenuate or biodegrade with a sufficient thickness of overlying clean, 
aerobic soils, containing at least 1-6% oxygen (Davis, 2010). As a result, vapours are generally 
not likely to travel more than about 1.5 m from the source of contamination to indoor air. Davis 
(2010) estimates that 1.5 m of clean soil is required to attenuation vapour from dissolved-phase 
contaminants, while 10 m of soil is required for Light Non-Aqueous Phase Liquids. Generally, 
vapour intrusions from contaminated groundwater into indoor air is relatively rare (Fitzpatrick 
& Fitzgerald, 2002), with the exception of cases where high concentrations of hydrocarbon 
sources are less than 3 m beneath a building, or where contaminants come into contact with 
Figure 8: Schematic diagram of pathway of vapour intrusion into indoor air, showing 
building structures including basement, crawl-space and slab-on-ground constructions 
overlying NAPL and groundwater contamination. (Source: Davis et al, 2004, pg. 26) 
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building footprints (McHugh et al., 2010). Therefore, for vapour intrusions to be a risk, 
contaminated soil, groundwater or a Phase Separated Hydrocarbons (PSH) must be closely 
underlying a building.   
Migration of vapour intrusions into indoor air are governed naturally by two main 
processes: diffusion and advection  (CRC Care, 2013a). The process of diffusion is controlled by 
concentration gradients. In the case of vapours, gas molecules will move from areas of higher 
concentration to areas of lower concentration. Advection is the process by which vapour 
migration is governed by differences in pressure, causing a pressure gradient. Generally, 
advection occurs at shallow soil depths (Davis et al., 2009b).  
In the case of petroleum hydrocarbons, natural attenuation can play a significant role in 
the biodegradation of contaminants and therefore reduction in the potential risk of related 
vapour intrusions (CRC Care, 2013a). Concentration of petroleum hydrocarbons decreases as 
the contaminants migrate from their initial source through air or soil (US EPA, 2012a). 
However, excess accumulation of vapours surrounding or underneath buildings may produce, 
vapours, odours or in extreme cases, explosions (US EPA, 2002).  
Defining a vapour intrusion pathway can be difficult due to the highly variable nature of 
the movement of vapours. The migration of vapour intrusions into indoor air is complex and 
uncertain. Uncertainties include; depth of contamination, nature of sedimentary rock 
successions and hydrogeology of the site, variables in soils, preferential pathways that may or 
may not  exist, including through building foundations, the size, shape and strength of the 
vapour source, as well as the composition of the hydrocarbons; which governs transport and 
attenuation behaviours (Davis et al. 2009c). 
The magnitude of petroleum hydrocarbon vapour concentration is directly dependent 
on the depth and strength of contamination (Davis et al., 2009b). For example, a larger, more 
concentrated source of contamination that has the ability to migrate into shallow soils or 
groundwater has a greater risk of partitioning into the vapour phase than a contamination 
plume that is less concentrated and deeper in the subsurface. Likewise, human health impacts 
from vapour intrusions diminished significantly with increasing distance from the source of 
contamination (Davis et al., 2009b).  
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The capillary fringe is the layer immediately above the water table but below the 
unsaturated zone, shown in Figure 9 (US EPA, 2012a). This layer essentially acts as a sponge 
layer, drawing water up from the underlying layer. Water content decreases with increasing 
distance above the capillary fringe, while below the fringe is relatively saturated (Figure 10b). 
The capillary fringe plays an important role in the transportation of contaminants through 
groundwater (McCarthy & Johnson, 1993). Transport of contaminants from the upper 
unsaturated zone to the lower saturated zone further aids the movement of hydrocarbons 
through the subsurface. The height of the capillary zone is controlled by the grain size of the soil 
particles (US EPA, 2012a). For example, finer grained soils generally have a thicker capillary 
fringe, consequently exerting greater suction on underlying layers, while coarser subsurface 
materials result in a reduction in suction abilities and hence a thinner capillary fringe (US EPA, 
2012a). The increase of water content of the capillary fringe from the unsaturated zone (evident 
in Figure 10b) may limit the upward migration of vapours from a dissolved groundwater source 
and therefore limit emission of vapours (US EPA, 2012a). If the vapour contamination is in the 
vadose zone, however, vapours proceed in all directions.   
Figure 9: Schematic diagram of the physical process of 
vapour intrusion pathways. Source  (Davis et al., 2009b, p. 6) 
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 Patterson and Davis (2009) investigated vapour intrusion pathways of a hydrocarbon 
contaminated site overlain by a sandy vadose zone. Conducted around an abandoned building 
50 km south of Perth, Australia, the study aimed to assess and identify the dominant vapour 
intrusion pathway to the base of the slab-on-ground building under varied meteorological 
conditions. Soil gas composition was monitored by VOC probes and oxygen probes at a number 
of locations under and adjacent to the building (Figure 3).  
Hydrocarbon vapours were not observed in soils <2 m BGL in the areas adjacent to the 
building, however, high concentrations were recorded 3 m below the centre of the building, 
extending to more than 10 m away from the centre (Figure 3). This information suggests the 
vertical exchange of oxygen between the immediate subsurface and atmosphere, coupled with 
aerobic biodegradation rates sufficiently high enough to obstruct vapours from emanating into 
indoor air through the sandy vadose zone (Patterson & Davis, 2009).  
Figure 10: Subsurface environment showing (a) capillary fringe, saturated and unsaturated 
zones, (b) moisture content as a function of depth, and (c) pressure as a function of depth. 
Source: (McCarthy & Johnson, 1993, p. 1676) 
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2.3.1. Preferential Pathways 
Preferential pathways for vapour intrusions may include natural features such as high 
porosity sand and gravel, or fractures within rocks or artificial features such as elevator shafts 
that may provide a direct connection from the contamination source to indoor air (Davis et al., 
2009a). Vapours can also enter buildings via untapped drains, cracks and utility pipes, which 
essentially act as a migration route (Hazardous Waste Consultant 2006).  
2.3.2. Influencing factors on the migration of vapour intrusions 
The majority of petroleum hydrocarbons are types of Light Non-Aqueous Phase Liquids 
(LNAPL), that is, any organic liquid that is less dense and generally insoluble in water. The 
movement of LNAPL through groundwater and soils is predominantly governed by the size, 
morphology and nature of the pore space around the constituents (Johnson, 2010). Gravity and 
capillary forces redistribute LNAPL once it has entered the subsurface, however, gravitational 
forces will dominate (Johnson, 2010).  
Generally, finer textured granular materials (silty or clayey textures) are not favourable 
for the movement of LNAPL. Such media are generally characterised by low permeability, high 
water content and high displacement pressure. Due to the high displacement pressure generally 
being greater than that of the LNAPL pressure, the contamination has little opportunity to move, 
essentially blocked as the material acts as a ‘barrier’ (Johnson, 2010). Overall saturation of 
LNAPL into such materials is expected to be low, due to relatively low permeabilities (Johnson, 
2010).  
LNAPL that are contained within a coarser matrix could result in lateral spreading or 
pooling of contaminants, as shown in Figure 11. Lateral spreading is predominantly controlled 
by the topography of the water table. Vertical spreading of LNAPL is governed by temporal 
variations in the water table (Johnson, 2010). 
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In the case of hard, fractured rock, LNAPL movement is governed by the degree to which 
the liquid is confined to the three-dimensional network of cracks and fractures (Johnson, 2010). 
The connectivity of these cracks and fractures dominates the movement of LNAPL. For 
movement to take place, a fracture must be interconnected to form a pathway (Domenico & 
Schwartz, 1990).  Characterisation of the nature of fluid flow is very complex when dealing with 
fractured rock, due to complex heterogeneity. LNAPL will move vertically and perpendicular to 
the plane of the horizon through cracks and fractures within the rock when contamination is 
above the water table.  
In dual-porosity materials, LNAPL distribution may be limited to coarser textured zones 
(Johnson, 2010). However, such characteristics may provide a pathway for contaminants to 
migrate farther below the water table than expected, resulting from the lack of possible 
displacement by lateral losses. Therefore LNAPL may invade coarser materials below the water 
table as they cannot be displaced by poorly sorted materials above the water table. Lateral 
spread of LNAPL under the water table is common and, similar to the scenario shown in Figure 
11, migration is generally confined by the overlying finer textured materials (Johnson, 2010).  
Figure 11: Schematic diagram showing the theoretical progression of an LNAPL plume. Finer-
textured layered material acting as a capillary barrier to the movement of LNAPL. Source: 
(Johnson, 2010, p. 40). 
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2.3.3. Light Non-Aqueous Phase Liquids in porous materials:  
Porous material classification includes sediments from unconsolidated sandy materials 
to fractured hard rocks. LNAPL contained within materials is classified as either mobile or 
immobile LNAPL. Immobile LNAPL can be further classified as either residual or entrapped 
LNAPL (Johnson, 2010).  Residual LNAPL is likely to occur in the unsaturated zone above the 
water table, as shown in Figure 12a. Here, LNAPL is spread so thinly that migration will no 
longer occur.  
Entrapped LNAPL is represented in Figure 12b and c, which generally occurs in the 
saturated and capillary zone. LNAPL is isolated within soil grains and exists as isolated pockets 
(Johnson, 2010). In the saturated zone, organics will remain as disconnected pockets of liquid, 
no longer connected to the larger body of liquid. These pockets are often referred to as blobs 
(Wilson et al., 1990). More LNAPL is immobilized within the saturated zone, as shown in Figure 
12b and Figure 12c (Wilson et al., 1990).  
 
2.3.4. Building effects 
Not only do the characteristics of the subsurface environment have a significant effect in 
the indoor-air pathway of volatile organic compounds, so to do the presence of buildings and 
subsurface utilities (Tillman & Weaver, 2005). An important aspect of a Conceptual Site Model 
(CSM) is details regarding the types and number of buildings both existent and planned within 
the site (Davis et al., 2009b). Additionally, the nature of the building structure, particularly the 
areas in contact with the soil is an important consideration. These built structures include 
(Figure 8):  
Figure 12: Schematic diagram representing the residual and entrapped LNAPL in porous materials. 
(a) Unsaturated zone (residual LNAPL), (b) Saturated zone (entrapped LNAPL) and (c) ganglia 
(entrapped LNAPL). Source: (Johnson, 2010, p. 24) 
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- Buildings or structures with basements 
- Crawl spaces below buildings 
- Slab-on-ground construction  
Although homes or structures with basements are typically less common in Australia 
than in Europe and the US, basements tend to increase surface area, allowing increased vapour 
migration into indoor air, as well as physically being closer to the source than slab-on-ground 
buildings (Tillman & Weaver, 2005). In addition, the air pressure in basements generally differs 
from outside air pressure, due to temperature variations and lack of air flow, which can cause a 
greater influx of vapours (Davis et al., 2004).  
Crawl-space constructions consist of an elevated floor and can increase ventilation 
below a building, potentially diluting or biodegrading vapours (Tillman & Weaver, 2005). 
Turczynowicz and Robinson (2001) studied crawl-space dwellings and found the amount of air 
exchange beneath the building determined the concentration of volatiles in the crawl-space. 
Likewise, the amount of air exchange governed the rate at which biodegradation would occur in 
the crawl-space.  
Slab-on-ground constructions are very common in Australia. Such structures present a 
barrier for vapour emanating from the subsurface environment, however, they can also limit 
oxygen exchange and therefore inhibit biodegradation, as discussed earlier in section 2.1.2. 
Vapours can also accumulate beneath slab-on-ground constructions, however their risk to 
human health will depend on potential pathways into indoor air, including cracks (Davis et al., 
2004).   
The presence and size of a concrete slab may act as a barrier to vapour intrusions, 
however slab size may also have the potential to limit biodegradation of contaminants at the 
centre of the slab (Patterson & Davis, 2009). Studies have shown there may be an optimum slab 
size overlying contamination in order to act as a barrier to vapour intrusions, while still 
allowing NA to occur (CRC Care, 2013a). The ideal slab size depends on the concentration of 
contaminants and the ratio between the slab half size and the depth to the source (CRC Care, 
2013a).  
 
2.4 Vapour intrusion Models 
Vapour intrusion (VI) models attempt to explain the movement of vapours through the 
subsurface (Hers et al., 2002), by describing the pathway vapours are likely to travel due to the 
environment in which they are present (Turczynowicz and Robinson 2007; US EPA 2004). 
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Models generally predict the magnitude of contamination attenuation relative to the 
concentration of the source, as it moves away from the source to the building footings.  
Vapour intrusion pathways are very difficult to model due to the highly unpredictable 
nature of petroleum vapours (Tillman and Weaver 2005). A complete VI model should describe 
the passage of vapours from the source to receptor, including soil vapour transport and 
movement into indoor air (Yao and Suuberg 2013). Paul Johnson and Robert Ettinger presented 
the first major vapour intrusion model in 1991 (Tillman and Weaver 2005). The Johnson and 
Ettinger (1991) model is a commonly used tool for estimating vapour intrusions into buildings 
from the subsurface.  
Chapter Two- Summary and conclusions 
As discussed in this chapter, petroleum hydrocarbons are one of the most common 
groundwater contaminants worldwide due to their widespread use. Natural attenuation of 
petroleum hydrocarbons in groundwater occurs in the presence of oxygen, which has the 
potential to reduce contaminant concentration significantly. Natural attenuation includes a 
number of processes; including sorption, volatisation, dispersal and dilution and 
biodegradation. In this study, the most important process of natural attenuation is the 
biodegradation of petroleum vapours. Vapours are not likely to travel more than around 1.5 m 
from the source of contamination to indoor air, due to the process of biodegradation.   
Groundwater contamination and related vapour intrusions are highly varied in terms of 
their behaviour in various subsurface environments. Some of the most important factors in their 
distribution include physical and structural aspects of sediments and rocks. In particular, 
discontinuities which may affect the transmission of fluids through a fault line, as well as 
pervasive weaknesses in the form of fractures, faults and cleavage. The movement of vapour 
intrusions are primarily governed by the porosity, permeability and mineralogy of the 
subsurface, as well as the natural, extent, depth and concentration of the contaminants.  
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Chapter Three 
Geology, hydrogeology and soils of the Sutherland Shire 
3.1 Local geology and Hydrogeology 
The geology and hydrogeology of a local area significantly influences the spread and 
transportation of contaminants from the source (NEPM 1999 Vol 3 Sch B2, 2013). The 
distribution of contaminants in the sub-surface is governed by the permeability and porosity of 
the sedimentary rock successions and unconsolidated sands and soils. Likewise, the presence of 
preferential pathways and geochemical and mineralogical variations within the subsurface will 
significantly influence the transportation of contaminants.  
Local geology and hydrogeology are initially considered in an assessment of 
contaminated sites, and may include a review of the all or a number of the following available 
data; direction and rate of groundwater flow, surface elevation, regional and site-specific soil 
and geological records, monitoring well and drilling logs to identify areas of natural and locally 
derived fill sediments and the presence and types of aquifers in the area (NEPM 1999 Vol 3 Sch 
B2, 2013).  
3.2 Regional Geology 
The Sutherland Shire is located 26 km south of Sydney and covers an area of 
approximately 370 km2 (Figure 15). Geologically, the region is part of a larger structural unit 
known as the Sydney Basin, which extends from Port Stephens in the north to Batemans Bay in 
the south (Packham, 1969), with an area of approximately 17,100 km2 (McDonald, 2008).  
Located on the central portion of the basin, the Sutherland Shire is predominantly represented 
by outcrops or shallow sub-crops of Triassic formations, in particular the Hawkesbury 
Sandstone (Nashar, 1967).   
Several rock units commonly found within the Sutherland Shire include: The Narrabeen 
Group, Hawkesbury Sandstone and Wianamatta Group (Ashfield Shale and Bringelly Shale).  The 
uppermost sequence, the Wianamatta Group, overlies the Hawkesbury Sandstone, which in turn 
overlies the Narrabeen Group (Figure 14). In addition, noteworthy areas of coastal sand bed 
deposits occur through Botany Basin. These deposits are a result of wind action and are 
comprised of medium to course-grained sands (SCCG, 2006).  
3.2.1 Wianamatta Group 
The Wianamatta Group dominates the centre of the Sydney Basin, forming the 
Cumberland Plain (McDonald, 2008), with small outcrops evident in the north of the Sutherland 
Shire. However, the extent of the shale within the Sutherland Shire is limited, only present in the 
north-western proportion and occasional patches on the western side. The Middle Triassic 
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Wianamatta Group is predominantly a well-banded, grey coloured sequence (Nashar, 1967), 
dominated by shale with irregular, thin lithic sandstone (Branagan et al., 1979). This Middle-
Triassic group is up to 300 m thick (Branagan et al., 1979).  
The Wianamatta Group can be further subdivided into two formations; the Ashfield 
Shale and the Bringelly Shale (Chapman & Murphy, 1989). The Ashfield Shale consists 
predominantly of black to dark grey siltstone and laminite (Chapman & Murphy, 1989), while 
the Bringelly Shale consists of a shale/sandstone unit dominated by brown shale (Hazelton & 
Tille, 1990).  
3.2.2 Hawkesbury Sandstone 
The Hawkesbury Sandstone covers an area of approximately 12,500 km2 (Wasantha & 
Ranjith, 2014), and is the dominant structural feature within 100 km of Sydney (Herbert & 
Helby, 1980). The Hawkesbury Sandstone is a Middle-Triassic sedimentary succession 
deposited by a bed-load fluvial-braided channel environment (Miall & Jones, 2003; Scheibner, 
1996), with a maximum thickness of 290 m (Herbert & Helby, 1980).  
The Hawkesbury Sandstone consists mainly of medium to coarse-grained quartzose 
sandstone with shale and laminite lenses (Nashar, 1967), relatively homogeneous grain size 
(McDonald, 2008) and is moderately well sorted (Zaid & Al Gahtani, 2015). Weathered 
Hawkesbury Sandstone develops sandy soils and is fairly friable (SCCG, 2006), however, in 
some more resistant areas, can weather to form steep cliffs and escarpments.  
The Hawkesbury Sandstone unit can be divided into three facies; stratified, massive 
(together making up 95% of the formation) and mudrock (the remaining 5%) (Pells, 2004).  An 
analysis of the composition of the Hawkesbury Sandstone indicated that it is composed of 68% 
detrital quartz grains, 20% clay matrix, 6% secondary quartz and 6% other minerals (Pells, 
2004). The compositional data from the Hawkesbury Sandstone is shown in Figure 13. The QFL 
diagram (Quartz, feldspar and lithics) shows that most of the Hawkesbury Sandstone may be 
classified as quartz arenite or a sub-lithic Arenite, according to the sandstone classification of 
Folk (1954).  
Sedimentary structures present within the stratified sandstone facies include cross-
strata, varying in thickness between 10 cm to 1.5 m (Rust & Jones, 1987). Additionally, planar 
cross-strata occurs with varying thicknesses of 10 cm to 7.5 m. Within the massive sandstone 
facies, large, angular block of siltstone, mudstone or shale (up to 38 m) are common. The minor 
mudrock facies within the Hawkesbury Sandstone are sheet-like and generally have a thickness 
of between 1-2 m (Rust & Jones, 1987).  
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Figure 13: QFL diagram of the Hawkesbury Sandstones. Source (Zaid & Al Gahtani, 2015, p. 77) Q= 
quartz, F= feldspar, L= lithics 
 Wasantha and Ranjith (2014) analysed Hawkesbury Sandstone from the Gosford area to 
assess the effects of water-weakening on the rock unit. In this study, they conducted scanning 
electron microscopy (SEM), X-ray diffraction (XRD) and thin section analysis tests to determine 
rock and mineral content (Wasantha & Ranjith, 2014). The XRD analysis identified the 
mineralogical composition and showed the Hawkesbury Sandstone to be composed of 85% 
quartz, 7% kaolinite, 3% illite, 2% goethite, 2% smectite and 1% anatase. Microscopic analysis 
of thin sections revealed grain size and structure while the SEM analysis depicts the 
composition of the constituent elements. Results from the analysis indicate that as water levels 
fluctuate within the sandstone, pressure within the pore spaces of the sample increase due to 
compression, resulting in micro-cracking. It was also found that the water-weakening effect is 
more prominent in Hawkesbury Sandstone at greater depths than that shallower depths, due to 
the increase in pressure (Wasantha & Ranjith, 2014).  
 Al gahtani (2012) noted an average of 64.5% quartz grain abundance within the 
sandstone in thin sections, with limited feldspar (0 to 0.5%) and a few rock fragments (average 
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1.5%). Additionally, x-ray diffraction (XRD) identified an average quartz composition of 66.3%, 
0.7% feldspar and 5-15% kaolinite, or clay minerals (Al gahtani, 2012).  
Liu et al. (1996) studied the porosity and permeability of the Hawkesbury Sandstone 
within the Sydney Basin and noted the lack of correlation between the two. The porosity of this 
sandstone relates to the post-depositional diagenesis, while the permeability related to the 
sedimentary facies types. Porosity values for the Hawkesbury Sandstone ranged from 5-20%, 
with an average porosity of 14.8% (Liu et al., 1996). Permeability values varied significantly 
within the study area. 
3.2.3. Narrabeen Group 
The Narrabeen Group outcrops from Sutherland to Heathcote, as well as small outcrops 
of Hawkesbury Sandstone (Nashar, 1967). Ranging in age from the Late Permian to the Middle 
Triassic, the Narrabeen Group is the lowest division of the Triassic sequence (Branagan et al., 
1979). The Narrabeen Group includes the Newport and Garie Formations, the Bald Hill, Stanwell 
Park and Wombarra Claystones, as well as the Bulgo, Scarborough and Coal Cliff Sandstones 
(Figure 14).  
The Narrabeen Group is up to 800 m thick and is a lithic conglomerate, quartz-lithic 
sandstone (Herbert & Helby, 1980). Formed by a combination of alluvial and fluviodeltaic 
systems, the sandstones within this division are characterised by the dominant heavy minerals; 
zircon and tourmaline (Chapman & Murphy, 1989; Packham, 1969) and some red, green and 
grey shale (Herbert & Helby, 1980). Mainly comprising of conglomerate, mudstone, sandstone 
and shale, the deposition of the Narrabeen Group occurred in three fluvial events (Dehghani, 
1994), which is outside the scope of this thesis. Particle size, lithology and porosity differs 
slightly for the different claystones and sandstones within the Narrabeen Group (Emerson & 
Branagan, 2011).  
The mean grain size of the Narrabeen Group ranges from siltstone to very coarse 
sandstone (56 µm to 1576 µm) (Al gahtani, 2012). The Narrabeen Group has a higher percent of 
rock fragments (48.3%) than the Hawkesbury Sandstone (1.5%), and is classified as a 
litharenite to sublitharenite (Al gahtani, 2012).  
3.2.4. Quaternary alluvium 
Quaternary alluvium in the Sydney Basin area has developed on the underlying 
Hawkesbury Sandstone, Narrabeen Group and Wianamatta Group (Branagan & Packham, 
2000). Known as Botany Sand, the alluvium present in the Sydney Basin comprises of clean 
windblown marine, quartz sands, with a small percentage (10%) of silt and clay (SCCG, 2006). 
The fine- to medium-grained sands are light grey to yellow brown in colour with a relatively 
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consistent grain size (between 0.15 mm – 0.4 mm).  The sands are well sorted and angular. Thin 
(0.5 m to 2 m thick) peaty layers exist within the Botany Sand, which comprise of dark grey to 
black soft clays or silty sands with some peaty fragments (Parker, 1997).  
The Quaternary alluvium in the Sydney Basin area is an example of a coastal sand bed 
aquifer. As the sands are highly porous and permeable, they often contain significant amounts of 
groundwater as an unconfined aquifer. The aquifers have historically been used as a source of 
groundwater, particularly in the Mascot and Botany areas (Parker, 1997). 
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Figure 14: Stratigraphy of the southern Sydney Basin. Source (Zaid & Al Gahtani, 2015, p. 76) 
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Figure 15: Google earth map showing the extent of the Sutherland Shire as defined by the red line 
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3.3 Regional Soils  
Similarly with geology and hydrogeology, the soils within a local area substantially 
influence the spread and movement of contamination, in particular, the vapours that emanate 
from the source to the receptor (NEPM 1999 Vol 3 Sch B2, 2013). The movement of 
contaminants and vapour through the vadose zone is predominantly governed by soil moisture, 
porosity and permeability of soils and soil stratigraphy (Escobar et al., 2010). There are a 
number of soils present in the Sutherland Shire and are outlined below.  
Bundeena:  
The soil landscape in Bundeena comprises a combination of loose, stony sandy loam 
(bu1), earthy light sandy clay loam (bu2) and friable yellowish brown clayey sand (bu3) 
(Hazelton & Tille, 1990). The area is underlain by Hawkesbury Sandstone and the top soil depth 
is 350 cm. bu1 and bu2 are both characterised by high permeability and all three soils are 
considered to have low available water-holding capacity. bu2 has a maximum thickness of      
150 cm, above 40 cm of bu1, up to 40 cm of bu3 occurs in wet areas.  
Gymea:  
The area of Gymea is underlain by Hawkesbury Sandstone. The dominant soils in this 
area include loose, coarse sandy loam (gy1), earthy, yellowish clayey sand (gy2), earthy 
yellowish sandy clay (gy3) and moderate to strongly pedal, yellowish brown clay (gy4) 
(Hazelton & Tille, 1990). The soils in this area are characterised by low available water-holding 
capacity. Gy1 has a high permeability, while gy3 and gy4 are characterised by low permeability. 
Thickness of soils in this area is generally characterised by up to 30 cm of gy1, underlain by up 
to 30 cm of gy2, 30 cm of gy3 and up to 100 cm of gy4.  
Yarrawarrah:  
The dominate soils in the Yarrawarrah area include loose yellow orange sand (ya1), 
weakly coherent earthy  sand (ya2), yellowish brown sandy clay loam (ya3) and bright 
yellowish brown light clay (ya4) (Hazelton & Tille, 1990). Ya1 and ya2 have high rates of 
permeability, compared to ya3 and ya4 which both have low permeability. ya1 has a soil 
thickness of about 10 cm, underlain by ya3 with a thickness of between 50- 100 cm. ya4 may be 
up to 50 cm deep while ya2 occurs as earthy sand or topsoil. All soils in this area have low 
available water-holding capacity. 
Kurnell:  
Underlain by Botany sand, the soils in the Kurnell area predominantly consist of loose 
brown sand (kn1), grey brown mottled sand (kn2), brown soft sandy iron pan (kn3), loose 
yellowish brown sand (kn4) and black sticky peat (kn5) (Hazelton & Tille, 1990). Each 
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dominant soil in this area is characterised by low available water-holding capacity. kn1 and kn2 
have a maximum combined thickness of up to 80 cm, which underlies 15 cm of kn3, 130 cm of 
kn4 and up to 25 cm of kn5. Soils in this area are characterised by low soil fertility and the main 
erosional hazard is wind erosion (Hazelton & Tille, 1990). 
3.4 Hydrogeology of aquifers in the Sutherland Shire  
The geological areas of the Sutherland Shire discussed above in section 3.2 can be 
categorised into aquifer classes discussed in section 2.2.2. 
Unconsolidated sediments: Includes coastal sand bed deposits and alluvium, such as 
the Botany Sand. This group of sediments can hold significant amounts of groundwater due to 
their high porosity and permeability, and typically form unconfined aquifers (SCCG, 2006). The 
groundwater within these systems is close to the ground surface, causing them to be vulnerable 
to contamination (SCCG, 2006).   
Porous rock aquifers: Includes areas such as the Hawkesbury Sandstone and 
sandstones of the Narrabeen Group. Due to these substrates being relatively impermeable, 
limited groundwater occurs in the aquifers. Instead, groundwater occurs in the permeable 
porous layers, including sands and gravels in which the cementing layers have dissolved (SCCG, 
2006).  
Fractured rock: Includes Wianamatta Group, however its limited extent within the 
Sutherland Shire indicates it may not be as significant as fractured rock aquifers (SCCG, 2006).  
Chapter Three- Summary and conclusions 
As discussed in Chapter Two, the physical and structural aspects of sediments and rocks, 
pervasive weaknesses in the form of fractures, faults and cleavages, as well as the nature of the 
porosity and permeability governs the transportation of contaminants in the subsurface. In 
particular, the most influential factors in regard to contaminant transport are the subsurface 
attributes, hydrogeology and characteristics of overlying soils.  
This chapter identifies and describes the nature of the sedimentary rock successions and 
unconsolidated soils and sands. Hawkesbury Sandstone is the most prominent rock unit within 
the Sutherland Shire. Quaternary alluvium, or Botany Sand is limited to the north-eastern 
proportion of the study area (Figure 16), while the Wianamatta Group outcrops in the northern 
section of the Sutherland Shire. A comprehensive understanding of the physical and structural 
aspects of sediments and rocks mentioned are vitally important in any study of groundwater 
contamination and related vapour intrusions.  
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Chapter Four 
Methods and Results 
Due to the confidentiality of the following data, all sites have been named A-F. Sites A-C 
are underlain with Hawkesbury Sandstone and Sites D-F are underlain with Botany Sand 
(Figure 16). Additionally, recognisable information on inset maps such as street names and 
numbers have been removed to avoid the identification of sites. Furthermore, all monitoring 
wells and soil vapour logs have been renamed.  
For the purposes of this study, the risk to human health is based on the soil vapour 
Health Screening Levels according to the NEPM 1999 Vol 2 Sch B1 (2013) guidelines, shown in 
Appendix A. Therefore, any detection of vapours under this threshold is considered safe.  
The Wianamatta Group was not analysed in this thesis due to its limited extent within 
the Sutherland Shire, as well as the lack of results regarding petroleum hydrocarbon 
contamination within these areas. Site A and D underlain by Hawkesbury Sandstone and Botany 
Sand respectively, were extensively studied throughout the duration of this thesis. These sites 
were studied comprehensively due to the availability of existing soil vapour and groundwater 
monitoring data. Analyses undertaken at each site is shown in Table 1, and differed between the 
sites due to the availability of resources and funds, as well as studies already undertaken at the 
sites. All sites are affected by petroleum hydrocarbon contamination as a result of the presence 
of petrol stations. Additional site specific information was provided by the Sutherland Shire 
Council and site owners, which includes all data from Sites B and C underlain by Hawkesbury 
Sandstone and Sites E and F underlain by Botany Sand (Figure 16). Wherever possible, soil 
vapour data and groundwater monitoring data were analysed for the same year or as 
temporally as close together as the data allowed.  
The focus of this study was the relationship between groundwater contamination, 
vapour intrusion and the effect of the surrounding sedimentary rock successions and 
unconsolidated soils and sediment, rather than the magnitude of biodegradation at each site. 
Accordingly, NA has not been quantified in a lateral sense. As a result, the distance between the 
source of contamination and the monitoring well was not the focus of this study. However, some 
attempt has been made to quantify NA vertically in a monitoring well, in an effort to assess the 
effect of the surrounding subsurface.  
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Figure 16: GIS map displaying the extent of Hawkesbury Sandstone and Botany Sand within the Sutherland Shire. Wianamatta Shale outcrops in the northern proportion of the Sutherland Shire, however, as it was not part of the 
study, it has not been identified on the map
Hawkesbury Sandstone 
Quaternary Alluvium 
B. Davies, 2015 
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Table 1: Summary of analyses undertaken at site A and D in the Hawkesbury Sandstone and 
Botany Sand geological substrates respectively 
Site A: Hawkesbury Sandstone Site D: Botany Sand 
Sediment logs  Soil vapour sampling event  
Thin sections Thin sections 
X-ray diffraction (XRD) Sediment logs 
Scanning electron microscope (SEM) analysis PID analysis and soil samples sent to lab 
 Mastersizer analysis 
 
4.1 Petrographic description of the material  
4.1.1 Sediment logs 
Site A- Hawkesbury Sandstone  
For Site A, wells were logged sometime after extraction. Monitoring well A (MWA) was 
chosen as a representative sediment log as it depicted the common trends evident the site 
(Figure 17). The purpose of MWA (Figure 17), MWB and MWC (presented in Appendix B) were 
purely for sediment logging. Therefore, they have not been included on the large map of Site A, 
and do not hold any purpose other than representing the sediment profile at this site. 
The logs from Site A followed the same general trend; regolith and soils underlain by 
heavily weathered quartz sandstone above clean sandstone with some slightly higher iron 
content and organic matter. Limited fractures and faults were noted during logging. An 
interesting point to note about Site A is the lack of clean overlying soils present. As shown in 
Figure 17, regolith and soil represent the top 70 cm of the sediment and rock profile. 
Site D- Botany Sand 
Due to the use of a push-probe, cores were somewhat compressed at Site D in the 
Botany Sand area. All data have been modified to account for the change in length of the core. 
Soil vapour bore 1 (JSV1) has been chosen as a representative log as shown in Figure 18. The 
logs from Site B followed the same general trend; grass and fill underlain by light brown to black 
medium-grained sand. The field PID test results are shown on the logs in Appendix B.  
 Similarly to Site A, the sediment log for Site D also shows the limited extent of clean, 
overlying soils. As shown in Figure 18, grass and top comprises only the upper 30 cm of the 
sediment profile.  
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Figure 17: Representative sediment log for Site A underlain by Hawkesbury Sandstone 
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Figure 18: Representative sediment log for Site D underlain by Botany Sand
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4.1.2 X-Ray Diffraction (XRD) 
XRD analysis reveals the mineralogical composition of samples. All samples analysed by 
XRD were first adjusted with Traces, followed by an analysis with Siroquant. XRD analysis was 
performed for one representative site per geological area (Site A and Site D).  Similarly to the 
sediment logs, the monitoring wells at Site A pose no other purpose that to represent the 
mineralogical composition at this Site. Therefore, they have been labelled MWD-MWG, and have 
not appeared on any map. However, they are within the extent of the effected site.  
Table 2: Tested material from Site A underlain by Hawkesbury Sandstone- results from XRD 
analysis (weight %) 
Well ID Quartz Kaolinite Illite Hematite Goethite 
MWD 1.2m 81.6 10.2 7.7 0.5 0 
MWE 3m 46.5 10.9 10.8 15.8 15.9 
MWF 0.5m 67.5 9.4 16.9 3.8 2.4 
MWG 2.5m 52.6 10.3 11.4 3.8 21.8 
Table 3: Tested material from Site D underlain by Botany Sand- results from XRD analysis   
(weight %) 
Well ID Quartz Calcite Albite Orthoclase Kaolinite 
SB1 0.5m 94.1 0.8 1.4 3.2 0.4 
SB1 1.62m 87.5 0.2 4.8 5.9 1.5 
SB1 1.89m 77.6 0.7 5.4 13.6 2.8 
SB1 2.59m 82.7 0.9 5.0 8.8 2.6 
SB1 2.91m 82.9 0.4 3.8 11.2 1.8 
The XRD results presented in Table 2 were obtained from Site A underlain by 
Hawkesbury Sandstone. The mineralogical composition revealed by the analysis shows a 
relatively high percentage of clay minerals (10.9 % and 10.8%; kaolinite and illite respectively), 
and iron oxides (15.8 %; hematite) from some core sample MWE at 3 m. Quartz is the main 
cement, comprising of an average of 62% of the total composition. Figure 19 below represents 
the average mineral composition of the Hawkesbury Sandstone samples presented in Table 2.  
The XRD results for Site D underlain with Botany Sand are presented in Table 3. A high 
sand content was expected within the Botany Sand area, and agrees with the literature (Parker, 
1997; SCCG, 2006). Figure 20 below shows the average mineral composition of the Botany Sand 
samples presented in Table 3. It is clear from the comparison of Figure 19 and Figure 20 
showing the average mineralogical composition of Hawkesbury Sandstone and Botany Sand 
respectively, that Botany Sand has a higher content of quartz minerals (average 23% more), 
minor feldspars and rare augite.    
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Figure 19: Average composition of minerals in Hawkesbury Sandstone (percentage of weight). 
Composition is an average of five samples (Table 2) and therefore may not be representative of all 
sites underlain by Hawkesbury Sandstone 
 
 
 
Figure 20: Average composition of minerals in Botany Sand (percentage of weight). Composition is 
an average of five samples (Table 3) and therefore may not be representative of all sites underlain 
by Botany Sand 
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A number of uncertainties arise from the graphs shown in Figure 19 and Figure 20, as 
they depict the average mineralogical composition of a limited amount of data, presented in 
Table 2 and Table 3. However, the data presented in the tables provides an accurate 
representation of the mineralogical composition of the soil bore at the specific depths. The 
intent of the pie graphs (Figure 19 and Figure 20) is not to accurately quantify an average 
mineralogical composition of the samples, but rather approximately compare the composition 
at the two sites.  
4.1.3. Scanning Electron Microscope (SEM) 
Figure 21 shows the composition of the constituent elements of the tested material as a 
result of the SEM analysis at Site A underlain by Hawkesbury Sandstone. The greater presence 
of silicon, aluminium and oxygen in both figures is an indication of the greater presence of 
aluminosilicate minerals. Figure 21a represents kaolinite and iron oxides within the sample, 
while Figure 21b shows kaolinite.  
a) 
 
Element  Wt (%)  Error 
Si 44.5 0.1 
O 50.2 0.1 
Al 5.3 0.1 
 
   
Element  Wt (%)  Error 
O 79.7 0.1 
Si 7.7 0.1 
Al 5.8 0.0 
Sr 0.4 0.0 
Fe 1.9 0.9 
C 1.6 1.3 
N 2.9 1.1 
   
b) 
Figure 21: SEM test shows proportion of different elements within samples from Site A underlain by Hawkesbury 
Sandstone. SEM image a) represents kaolinite and iron oxides, b) represents kaolinite 
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4.1.4. Sediment particle size analysis  
The Mastersizer 2000 is a laser diffraction particle size analyser. It measures the 
distribution of particles sizes by passing a laser beam through a sample and measuring the 
intensity of light scattered. Table 4 shows the average grain size of sedimentary rock 
successions and unconsolidated soils and sediments at Site D underlain by Botany Sand.  All 
values are an average of five analyses of the same sample.   
As the Mastersizer analyses discrete sediment particle size, this analysis cannot be 
performed on the indurated Hawksbury Sandstone samples. The Mastersizer results typically 
agree with the literature (Parker, 1997; SCCG, 2006) in the sense that Botany Sand is generally a 
medium-grained sand. Table 4 shows the mean grain size in micrometres (µm) for all samples. 
The mean grain size is 326 µm, which agrees with the analysis presented in Figure 22. However, 
there are a few soil bore holes which varied from this trend. SB1 1.62 m and SB2 2.66 m all 
depict a much smaller (3.9 – 63 µm) grain size. Similarly, the mean grain size at these locations 
is much lower (30- 180 µm). This may be evidence of a silty clay layer that would act as an 
aquiclude at a local scale, in which zero water flow would occur.   
As well as mean grain size, Table 4 also shows the mode 1 and mode 2 of the samples. 
Essentially, this shows the most common and second most common grain size in the sample. 
Although the modes vary quite significantly, the average of mode 1 is 352 µm and the average of 
mode 2 is 26 µm.  
Additionally, Table 4 also identifies the standard deviation (σ) values. Standard 
deviation represents sorting classifications of the sample. The standard deviation of the samples 
presented in Table 4 range from 0.48 (well sorted; SB1 0.50 m, SB3A 0.50 m and SB3A 1.00 m) 
to 2.42 (very poorly sorted; SB1 1.50 m). However, the average standard deviation is 1.1, and 
therefore, according to Bridge and Demicco (2008), the sands are poorly sorted.  
 Although the analysis was also conducted on sediments from 3.0 m BGL, a number of 
these results were major outliers and have since been ignored. This is because they were taken 
from the cap at the bottom of the core, which may have also contained other material not 
representative of the grain size at 3.0 m BGL.  
 Figure 23 depicts the vertical distribution of sand size particles in the four bore holes. 
SB3A and SB4 show a consistent profile of grain size distribution. SB2 shows a general upward 
fining sequence of grain size, however the data presented in Table 4 shows a single outlier at 
2.66 m BGL (9.76% sand grain size) which causes this irregularity. As discussed earlier, this is a 
silty clay layer. SB1 also shows a silty clay layer at 1.5 m BGL, evident by the decrease in average 
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grain size shown in Figure 23; however on average this has a high percentage of sand-sized 
particles.  
Table 4: Grain size of the geological materials tested from Site D underlain by Botany Sand (weight 
%). According According to Wentworth (1922) grain size classification, sand sized particles are 
between 64 µm - 2 mm and silt particles are between 3.9 µm - 63 µm 
Soil Bore 
Hole 
Sand Silt Clay 
<4µm 
Clay 
<2µm 
Mean grain 
size (µm) 
Mode 
1  
(µm) 
Mode 2 
(µm) 
Standard 
deviation 
(σ) 
SB1 0.10 m 78.7 19.32 1.98 0.27 281 361 60 1.92 
SB1 0.50 m 100 0 0 0 355 340 0 0.48 
SB1 1.00 m 92.66 6.68 0.66 0.02 304 307 35 0.99 
SB1 1.50 m 36.58 54.45 8.96 1.36 101 284 12 2.42 
SB1 1.62 m 65.08 31.13 3.78 0.6 180 281 38 2.14 
SB1 1.89 m 62.01 34.64 3.34 0.44 166 252 29 2.09 
SB1 2.91 m 93.05 5.21 1.74 0.3 306 314 5 0.98 
SB2 0.10 m 78.11 19.02 2.87 0.47 109 374 48 2.07 
SB2 0.50 m 93.01 5.87 1.13 0.13 295 373 8 1.07 
SB2 1.00 m 100 0 0 0 367 425 0 0.52 
SB2 1.50 m 100 0 0 0 445 442 0 0.51 
SB2 1.61 m 94.85 4.97 0.19 0 460 309 37 0.76 
SB2 2.29 m 85.37 13.21 1.42 0.2 306 308 44 1.3 
SB2 2.66 m 9.76 64.39 25.86 10.33 279 7 218 2.41 
SB3A 0.10 m 76.34 20.15 3.51 0.77 31 435 11 2.25 
SB3A 0.50 m 100 0 0 0 324 377 0 0.48 
SB3A 1.00 m 100 0 0 0 396 411 0 0.48 
SB3A 1.50 m 100 0 0 0 429 391 0 0.49 
SB3A 1.78 m 100 0 0 0 409 412 0 0.49 
SB3A 2.64 m 99.08 0.92 0 0 433 373 48 0.56 
SB3A 2.87 m 96.96 3.04 0 0 391 378 51 0.49 
SB4 0.10 m 78.25 19.54 2.2 0.39 383 390 0 1.97 
SB4 0.50 m 100 0 0 0 373 400 0 0.57 
SB4 1.00 m 100 0 0 0 294 396 0 0.52 
SB4 1.50 m 100 0 0 0 422 384 0 0.53 
SB4 1.75 m 100 0 0 0 413 395 0 0.57 
SB4 2.55 m 96.51 3.49 0 0 402 385 48 0.55 
 
Figure 22 shows the distribution of grain size by volume of SB1 1.62 m at Site D 
underlain by Botany Sand. This grain represents grain size rather than mineralogical 
composition. The graph shows the major modal grain size to be around 300 µm, or 0.3 mm. 
According to Wentworth (1922), this classifies the sand as medium grained. A second mode 
occurs at 40 µm, or 0.04 mm. This indicates the sands are composed of a small proportion of silt 
sized material and a small amount of clay sized minerals.   
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Figure 22: Laser grain size analysis for Botany Sand. Clay: 0.06-3.9 µm, silt: 4.0-63 µm, sand: 64 µm 
-2 mm according to Wentworth (1922)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Vertical plot of sand size particle percentages in bores SB1-SB4. Data presented in 
Table 4.  
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4.1.5. Thin sections and mineral composition 
Thin sections are prepared in a laboratory and reveal grain size and rock structure, 
mineral aggregates, ceramic material, bones or even metal samples. Thin sections have a 
standard thickness of 0.02 to 0.03 mm. Thin sections were prepared for a number of samples 
within the study area. Four thin sections were prepared for Site A and six were prepared for Site 
D underlain by Hawkesbury Sandstone and Botany Sand, respectively.  Samples were viewed 
through an polarising microscope which provides an undisturbed two-dimensional 
representation of spatial relations and grain shape (Heinrich, 1965). All microscopic images 
from the thin section analysis are presented in Appendix C. 
Thin section analysis of Hawkesbury Sandstone  
Figure 24 shows a number of microscopic images of thin sections prepared for Site A 
underlain by Hawksbury Sandstone. As previously discussed in Section 3.1, the Hawkesbury 
Sandstone is a quartz arenite (Figure 13).  
The thin section images show the grain size and grain structure, revealing that the 
samples are mainly composed of sub-rounded to sub-angular, moderately sorted grains with 
low sphericity (Chamley, 1990), and a few rock fragments and rare muscovite (Figure 24a). 
Figure 24d in reflected light shows iron oxide (mainly hematite) distribution. Figure 24b is also 
strongly cemented with iron oxides, however it is shown in plane-polarised light. All images 
within Figure 24 indicate the grain size of the particles in between 150 µm and 500 µm with a 
large granule appearing in Figure 24e and Figure 24f, with the majority between 200 µm to 400 
µm. Therefore, it is considered a medium grained sand based on the classification by Wentworth 
(1922).  
The absence of twinning and cleavage evident in Figure 24 distinguishes the quartz from 
feldspar (MacKenzie & Guilford, 1980). Quartz in thin sections generally appear colourless and 
unaltered (Heinrich, 1965).  
As presented in Table 2, XRD analysis of the samples obtained at Site A underlain by 
Hawkesbury Sandstone shows quartz comprises between 53% and 82% of the samples. Quartz 
dominates the thin sections shown in Figure 24, particularly in Figure 24a, which corresponds 
with a high percentage of quartz in MWD (Table 2). A lower percentage of quartz is represented 
in MWE (47%; Table 2), which corresponds with the thin section image (Figure 24d). The dark 
red areas around the quartz grains are representative of clays and iron oxides, such as kaolinite, 
illite and hematite.  
 Porosity of the Hawkesbury Sandstone was determined according to the amount of blue 
dye within the thin sections. Blue dye was added during the preparation of the thin sections to 
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ensure pores were visible. The Hawkesbury Sandstone is likely to have a low primary porosity 
(developed at time of deposition), however, some areas may have a higher secondary porosity 
(induced by weathering or event occurring after deposition). Due to the limited extent of blue 
dye within the thin sections, porosity of the weathered Hawkesbury Sandstone at Site A is 
considered to be between 4-7%.  
Additionally, the spatial arrangements of the particles has an influence on the porosity 
of a sedimentary structure (Chamley, 1990). In terms of the grain orientation and sedimentary 
fabrics proposed by Tucker (1991), the Hawkesbury Sandstone would be considered to have a 
grain supported fabric, in which grains or clasts are in contact with each other. Therefore, as the 
grains are tightly packed and pore space is limited, the Hawkesbury Sandstone is likely to have a 
low porosity (Chamley, 1990), with kaolinite filling many of the intergranular areas.  
Thin section analysis of Botany Sand 
Figure 25 shows a number of microscopic images of thin sections prepared for Site D 
underlain by Botany Sand. Thin sections of sand do not depict a true representation of the 
permeability and porosity of the substrate due to the preparation of the samples. As the Botany 
Sand is unconsolidated sediments, making such thin sections is difficult. When the thin sections 
are made, the sands are mixed and cleaned and therefore are not in their original state.  
Site D shows a high quartz content defined by the abundance of colourless and unaltered 
minerals (Figure 25a, c and e). These results agree with Table 4, showing the grain size of the 
geological material at the same site. Figure 25a in particular shows a high proportion of sand at 
SB3A 2.64 m, which agrees with the sediment particle size analysis (99.08% sand).  
Sedimentary analyses revealed a number of samples had a relatively high percentage of 
silt (SB1 1.62 m; 31.13%, SB1 1.89 m; 34.64%, SB2 2.66 m; 64.39%) and clay (SB2 2.66m; 
25.86%). On average, Botany Sand generally has about 10% silt and clay content (Parker, 1997).  
The grains in the thin sections are relatively poorly sorted and medium grained. 
Although the thin sections of sand do not provide an adequate representation of porosity and 
permeability, the sorting, grain size and classification as ‘sand’ suggests the porosity of the 
Botany Sand to be 15-20%. No thin sections were prepared for the soils at Site D as this was 
outside the scope of this thesis.  
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Site A- Hawkesbury Sandstone 
 
 
 
 
 
  
  
Figure 24: Thin sections of Site A underlain by Hawkesbury Sandstone  a) MWD 1.2 m crossed-
polarized light b) MWG 2.5 m plane-polarizing light x 10 mag c) MWG 2.5 m crossed-polarized 
light d) MWG 2.5 m reflected light e) MWF 0.5 m plane-polarizing light f) MWF 0.5 m crossed-
polarized light all at 4x magnification (except b- 10 x mag) 
 
a) b
) 
d) c) 
e) f) 
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Site D- Botany Sand 
 
 
 
 
  
  
 
Figure 25: Thin section of Site D underlain by Botany Sand a) SB1 1.62 m cross-polarized light b) 
SB1 1.62 m plane-polarized light c) SB2 1.61 m cross-polarized light d) SB2 1.61 m plane-polarized 
light  e) SB3A 2.64 m cross-polarized light  f) SB3A 2.64 m plane-polarized light  all at 4x 
magnification  
  
a) b) 
c) d) 
e) f) 
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4.2 Study Sites within the Sutherland Shire 
A map showing the extent of Hawkesbury Sandstone and Botany Sand within the 
Sutherland Shire was produced using ArcMap. Figure 16 shows the extent of the two geological 
units as well as the location of the six sites studied throughout this thesis.  
4.2.1. Location of groundwater and soil vapour monitoring wells  
A number of maps were produced showing the locations of the six monitoring and soil 
vapour wells for sites in the Hawkesbury Sandstone and Botany Sand areas (Figure 27 and 
Figure 28 respectively). Due to the confidentiality of presented material, all identifiable features 
including road names and boundaries have been removed. However, the maps represent the 
true distances between the points and the source of contamination, and between points 
themselves. 
Figure 26 depicts the six sites studies throughout the extent of this thesis. Sites with red 
markers are underlain by Hawkesbury Sandstone, while sites with blue markers are underlain 
by Botany Sand. The graphs presented show a summary of groundwater monitoring results at 
each sites, with grey shading representing an exceedance of criteria.   
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Figure 26: Map showing the extent of the Sutherland Shire and the six sites studied. Tables show groundwater monitoring event data for each site. Grey highlights boxes show exceedance of criteria 
Legend: 
  Sites underlain by Hawkesbury Sandstone 
    Sites underlain by Botany Sand 
                               Exceedance of criteria 
Site A 
Site B 
Site C 
Site D 
Site E Site F 
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4.3 Hawkesbury Sandstone 
Site A 
 
 
Figure 27: Location of groundwater monitoring and soil vapour wells at Site A underlain by Hawkesbury Sandstone. Groundwater monitoring well 1 corresponds to soil vapour monitoring well 1 and so on. 
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The location of Site A underlain by Hawkesbury Sandstone is shown in Figure 26. The 
location of groundwater monitoring and soil vapour wells at Site A are shown in Figure 27, with 
a summary of groundwater and soil monitoring results shown in the tables. More detailed 
results of the groundwater monitoring event in September 2011 are presented in Table 5. 
Likewise, more detailed results from a soil vapour monitoring event which occurred in August 
2011 are presented in Table 6. Monitoring well one (MW1) and soil vapour well one (SV1) are 
located in close proximity to each other in Figure 27.  
Table 5: Results from a groundwater monitoring event at Site A in September 2011. Data supplied 
by Site Owner.  
 
The depth to groundwater at Site A varied between an average low of 0.5 m and an 
average high of 1.72 m. This large fluctuation in groundwater is due to the groundwater being 
confined to the layer between the water table and the Hawkesbury Sandstone. Vapour intrusion 
modelling may be impacted by the large fluctuations as the LNAPL is closer to the surface 
during different seasons. This is a limitation within this report, and future studies should 
investigate the impact of the fluctuation of water levels on the risk of vapour intrusion.  
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HSL NL NL - - - 30 NL NL - - NL 
MW1 29 11 <0.5 <0.5 11 4 3.4 2.9 2 7.7 9.8 
MW2 1.4 0.31 <0.5 <0.1 <0.5 0.026 0.012 0.003 0.004 0.01 0.014 
MW3 4.3 0.35 <0.5 <0.2 <0.5 <0.001 0.002 4.2 0.001 0.05 0.006 
MW4 <0.02 <0.1 <0.5 <0.2 <0.5 <0.001 <0.001 <0.001 <0.001 <0.002 <0.003 
MW5 6.1 0.64 <0.5 <0.1 0.6 1 0.12 0.89 0.150 0.29 0.44 
MW6 8.8 1.1 <0.5 <0.2 1.1 0.13 0.039 0.012 0.008 0.24 0.250 
B. Davies, 2015 
 
60 
 
Table 6: Results from a Soil Vapour monitoring event at Site A in August 2011. Data supplied by 
Site Owner. Soil vapour that exceeds the limits of reporting shaded grey.   
 
 Site Specific Screening Levels (SSSL’s) were developed for this site for vapours in offsite 
areas. Although a number of groundwater monitoring wells exceeded the SSSL’s (Table 5), soil 
vapour sampling confirmed a lack of vapours except for SV5b 0.5 m (Table 6). Groundwater and 
soil vapour data at Site A suggest there are no human health impacts resulting from vapour 
intrusions. This is depicted by the exceedance of screening levels from the groundwater 
monitoring event, but general lack of exceedances for soil vapour. For example, MW1 shows 
exceedances of benzene (4,000 µg/L), ethylbenzene (3,400 µg/L), toluene (2,900 µg/L) and 
xylene total (9,800 µg/L) presented in Table 5. However, Table 6 does not show exceedances in 
soil vapour results from SV1, which corresponds to MW1.  
 SB5b at 0.5 m depicts a number of exceedances of the site specific screening levels 
(SSSLs). This may indicate the presence of a preferential pathway, as it differs from the other 
results significantly. However, the limited amount of soil vapour information means 
determining the reason for the exceedances is difficult.  
 
  
 BTEX  VOCs 
 
 
B
e
n
ze
n
e
 
 
T
o
lu
e
n
e
 
 
E
th
y
lb
e
n
ze
n
e
 
 
X
y
le
n
e
 T
o
ta
l 
 
N
a
p
h
th
a
le
n
e
 
1
,2
,4
-
tr
im
e
th
y
lb
e
n
ze
n
e
 
1
,3
,5
- 
tr
im
e
th
y
lb
e
n
ze
n
e
 
B
ro
m
o
ch
lo
ro
m
e
th
a
n
e
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SSSL 0.25 13 42 39 0.001 0.43 0.37 19 
SV1a 0.4 m 0.007 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SV1b 0.6 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB2a 1.0 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB2 b 0.5 m 0.006 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SV3a 0.55 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB3b 0.25 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SV4a 1.0 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SV4b 0.5 m <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB5a 1.0 m <0.005 0.089 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB5b 0.5 m 470 1,100 33 140 <0.05 0.37 0.19 <0.05 
SB6a 1.0m 0.014 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
SB6b 0.5 m 0.010 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 
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Site B 
The location of Site B, underlain by Hawkesbury Sandstone, is shown in Figure 26, while 
Table 7 shows the results of a ground water monitoring event in October 2014. The results 
show a number of elevated levels of total recoverable hydrocarbons (TRH) and benzene, 
toluene, ethylbenzene, and xylenes (BTEX). However, soil vapour sampling has not been 
obtained for this site. Site A presented above is also underlain by Hawkesbury Sandstone, and 
vapour sampling suggested that there was no risk to human health from vapour intrusions. As 
the groundwater results presented in Table 7 from Site B show the contaminants are not as 
elevated as the results presented in Table 5 for Site A, it can be inferred that Site B does not pose 
a health risk from vapours. Additionally, groundwater at Site A fluctuates between 0.5 m and 
1.72 m, however the depth to groundwater at Site B is 3.6 m. Therefore, the vapours have a 
further distance to travel to reach indoor air.  
Table 7 shows the limit of reporting (LORs) to be ‘NL’. As this site is zoned 
commercial/industrial, it assumes adults may be exposed during the work day, however there is 
no prolonged exposure to more sensitive receptors such as children or long term residents. 
Therefore, ‘NL’ signifies the absence of health-based screening levels (HSL), as the groundwater 
contamination cannot be at an unacceptable levels for the given zone.  
 Table 7: Results from a groundwater monitoring event at Site B in October 2014. Data supplied by 
site owner. Groundwater that exceeds the limits of reporting shaded grey.   
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 mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
HSL NL NL 30 NL NL NL NL 
MW1 360 80 <1 4 <2 4 <5 
MW2 <20 ND <1 <2 <2 ND <5 
MW3 690 270 24 16 34 219 12 
MW4 1,180 850 41 <2 136 203 47 
MW5 <20 ND <1 <2 <2 ND <5 
MW6 3,760 1,050 840 49 308 1,687 105 
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Site C 
   
Table 8: Results from a Groundwater monitoring event at Site C in April 2011. Data supplied by Site Owner. Groundwater that exceeds the limits of 
reporting shaded grey. 
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 mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L  mg/L 
HSL NL NL - - - 30 NL NL NL NL NL -  NL 
MW1 3.38 3.3 0.77 <0.05 4.07 0.360 0.011 0.07 <0.01 0.028 0.028 0.469  0.045 
MW2 5.48 9.17 1.26 0.62 11 1.670 <0.02 0.254 <0.02 0.066 0.066 1.99  0.071 
MW3 8.23 5.62 0.6 <0.05 6.22 1.690 0.024 1.36 0.05 0.254 0.304 3.38  0.327 
MW4 116 16.8 0.72 <0.05 17.5 9.240 18.5 3.43 7.17 17.8 25 56.1  0.701 
MW5 1.580 2.15 0.4 <0.05 2.55 0.127 0.006 0.014 0.009 0.159 0.168 0.315  0.054 
MW6 <0.02 <50 <0.1 <0.05 <0.05 <1 <0.002 <0.002 <0.002 <0.002 <0.002 <0.001  <0.005 
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Table 9: Results from a Soil Vapour monitoring event at Site C in 2015. Data supplied by Site 
Owner. 
 
The location of Site C is shown in Figure 26. The results presented in Table 8 and Table 9 
above show that although a significant number of groundwater monitoring wells show levels of 
benzene contaminants above the HSL, there was no exceedances of health based screening 
levels for vapour intrusion.  
Although the comparison of groundwater monitoring data from 2011 and soil vapour 
data from 2015 is not ideal, the lack of an earlier soil vapour monitoring event suggests either 
the absence of a risk of vapour intrusion, or the results of previous vapour monitoring were not 
available for this study. When a site is contaminated and presents a human health risk via 
vapour intrusions, a vapour monitoring event must take place to examine the extent of the risk 
(NEPM 1999 Vol 3 Sch B2, 2013). It is vital that any site with significant groundwater 
contamination and the potential for vapour intrusions be observed by a soil vapour monitoring 
event. The absence of a previous soil vapour event before 2015, and the lack of exceedances in 
the 2015 event, suggest that Site C underlain by Hawkesbury Sandstone does not pose a risk 
from vapour intrusions.  
Soil vapour monitoring data from Site C agrees with data from Site A and Site B which 
are also within the Hawkesbury Sandstone substrate. Both sites have elevated concentrations of 
contaminants and yet there is no risk to human health from vapour intrusions. Similarly to Site 
B, the depth to groundwater at Site C is also 3.6 m. As vapours are unlikely to travel more than 
1.5 m through the subsurface (Davis, 2010), vapour intrusions are unlikely to be of concern at 
Site C.   
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 mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
HSL 1,000 800 - - 5 6.500 1,800 - - 1,200 4 
SV5 <0.005 <0.005 <0.005 <0.005 <0.03 <0.05 <0.05 <0.05 <0.1 <0.66 <0.019 
SV6 <0.005 <0.005 <0.005 <0.005 <0.03 <0.05 <0.05 <0.05 <0.1 <0.66 <0.019 
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4.4 Botany Sand 
Site D 
4.4.1. Soil vapour sampling  
At Site D within the Botany Sand geological landscape (location shown in Figure 26), 4 
soil vapour monitoring wells were installed using hand augers (SV1a and b; SV2a and b shown 
in Figure 28). Two shallow (0.6 m BGL) and two deeper (1.2 m and 1.4 m BGL) were installed on 
the 6 August 2015 (Figure 28). The necessary procedure was followed before the installation of 
the wells, such as Dial Before You Dig searches and the  preparation and submission of 
appropriate health and safety statements. Soil vapour samples were taken approximately one 
week after the installation of the wells on the 11 August 2015. Soil vapour sampling was 
undertaken using the US EPA 1999 Compendium Method TO-15 (US EPA, 1999).  
Method TO-15 involves the determination of VOCs in air sampled in a specially-prepared 
stainless steel canister which had been displaced to sub-atmospheric pressure (Figure 29), and 
later analysed by Gas Chromatography/Mass Spectrometry (GC/MS). The stagnant air within 
the tube was purged prior to the sampling. The air was then sampled by drawing air into the 
canisters by creating differential pressures between the VOCs and the canister. A critical orifice 
flow resistor was connected between the sampling tube and canister to maintain a constant and 
suitable flow rate over the desired sampling period of 10 minutes. The preferred sampling flow 
rate was set at the beginning of sampling and checked during and at the completion of the 
sampling run.  
4.4.2. Soil vapour bore installation 
During the installation of the soil vapour monitoring wells, the wells were logged and 
soil samples were collected and screened for VOCs in the field using a photoionisation detector 
(PID). Soil logs are shown in Section 4.1.1., showing results from the soil PID readings. Standard 
soil vapour borehole construction techniques were followed and are represented in Figure 31.  
  
B. Davies, 2015 
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Figure 28: Location of groundwater monitoring and soil vapour wells at Site D underlain by Botany Sand. Groundwater monitoring well 1 corresponds to soil vapour monitoring well 1 and so on.  
 
 
 
B. Davies, 2015 
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Figure 29: Soil vapour well with canister connection to tubing. 
Figure 30: Aerial image showing the location of soil bore and sour vapour bores at Site D. Red line 
indicates a bentonite wall aimed at preventing the spread of contaminants. 
B. Davies, 2015 
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Initial monitoring showed no evidence of a fall in vacuum, which indicates that the 
sampling train was sealed and therefore leak free. An isopropanol shroud was placed at the 
head of the vapour well at the time of sampling and throughout the testing. The laboratory 
analysis did not detect elevated levels of isopropanol, and therefore it can be assumed that 
ambient air was not being drawn down the bore into the sampling pack. Soil vapour results for 
Site D are shown in Table 10. 
 
Figure 31: General soil vapour bore construction. Perforated sampling implants were installed in 
each soil monitoring well connected to teflon sampling tubing which extended to the surface. 
Coarse gravel wash, concrete and bentonite were placed above the implants to restrict the 
samples to the depth of the gravel pack.  
B. Davies, 2015 
 
68 
 
Table 10:  Results from Soil Vapour sampling in monitoring wells at Site D on the 11 August 2015. (Bore locations are shown in Figure 28). Soil vapour 
that exceeds the Soil Vapour Health Screening Levels for vapour intrusion (mg/m3) shaded grey.   
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 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 
HSLs 10 16,000 4,600 3,200 - 15 - - - 2,800 2,400 
SV1a 1.2 m 0.2 <0.00015 <0.17 0.57 <0.17 <0.21 1,200 430 53 2,500 470 
SV1b 0.6 m 0.16 <0.00015 <0.17 0.64 <0.17 <0.21 740 280 17 1,500 250 
SV2a 1.4 m  7.2 <0.00015 25 1.4 <0.17 56.6 3,000 700 170 4,900 420 
SV2b 0.6 m  6.1 0.00034 22 <0.35 0.27 30.0 2,600 460 93 4,200 490 
SV2b/2 (dup 
of 2b) 
6.1 0.00034 22 <0.35 0.3 28.0 2,700 490 92 4,200 510 
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4.4.3. Results from soil vapour sampling 
The results from the soil vapour sampling event that occurred on the 11 August 2015 at 
Site D underlain by Botany Sand are presented in Table 10 (raw data is presented in Appendix 
F). Strong hydrocarbon odours were observed below depths of 1.4 m at bore hole SB1 while 
hand auguring occurred. The results from the soil sampling suggest the odours were a result of 
vapour, instead of petroleum hydrocarbon contaminants, as testing in this zone above 1.4 m did 
not indicate increased levels of hydrocarbons. Therefore, ruling out the possibility that the soils 
are contaminated.  
The soil sampling results from bore holes in shallow soils (1.0 m to 2.6 m BGL) 
presented in Table 11 show a strong relationship between depth and vapours detected. All 
sampling depths below 1.60 m (SB1- 1.78 m, SB2- 1.6 m, SB2- 2.6 m, SB3a 2.2 m and SB4 1.78 
m) showed elevated levels of Total Recoverable Hydrocarbons (TRH) and Volatile Organic 
Compounds (VOCs).  In every case, the shallower bore hole (1.0 m BGL) indicates an absence of 
hydrocarbons compared with high concentrations in the deeper bore holes (lower than 1.0 m 
BGL). SB2 is on the perimeter of the petroleum hydrocarbon plume, and as a result, the results 
from the vapour testing are low at all depths.  
Soil bore 3A results show a sharp rise in levels of total TRH between a depth of 1.0 m 
(<50 mg/kg) to a depth of 2.2 m (23,300 mg/kg). This suggests either the substrate is acting as a 
barrier to vapour intrusions or facilitating high rates of biodegradation due to high-medium 
permeability. Likewise, a similar situation occurred in all boreholes excluding SB2. Hydrocarbon 
concentration increased from <50 mg/kg at a depth of 1.0 m, to 310 mg/kg at 1.6 m deep, 
however, decreased to <50 mg/kg at a depth of 2.6 m. This result can be attributed to the 
smear zone being located at the groundwater depth which is at 1.6 m. As the type of 
hydrocarbons encountered at this site comprise primarily of light fraction hydrocarbons 
which float on water, it is not expected that contamination of soils below the groundwater 
level will occur to any significant level. SB2 is located on the perimeter of the hydrocarbon 
plume, which may explain the variability in results.  
There has been no attempt throughout this report to represent these trends in a 
graphical form. This is because many of the soil monitoring well only have two depths. 
Therefore, the graph would depict the rate of change between the two points, which is highly 
inaccurate. This is certainly a limitation within this report, and future studied should attempt to 
adequately quantify natural attenuation at sites underlain by Botany Sand.  
 
B. Davies, 2015 
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Table 11: Results from soil sampling from soil bores in shallow (1.0 m - 2.6 m BGL) soils at Site D in August 2015. (Bore locations are shown in Figure 
30). Soil vapour that exceeds Health-based screening levels are shaded grey.   
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 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
HSL - - - - - - 370 - NL - - - 3 NL NL NL NL NL NL NL 
SB1 
1.0m 
<10 <50 <100 <100 <50 <10 <10 <50 <50 <100 <100 <50 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 <1 
SB1 
1.78m 
757 4,190 1,280 <100 5,470 1,560 1,520 4,910 4,880 380 <100 5,290 <0.2 0.9 206 0.7 35.8 40.0 36.5 30 
SB2 
1.0m 
<10 <50 <100 <100 <50 <10 <10 <50 <50 <100 <100 <50 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 <1 
SB2 
1.6m 
<10 <50 170 140 310 <10 <10 <50 <50 280 <100 280 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 <1 
SB2 
2.6m 
10 <50 <100 <100 <50 17 17 50 <50 120 <100 170 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 3 
SB3A 
1.0m 
<10 <50 <100 <100 <50 <10 <10 <50 <50 <100 <100 <50 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 <1 
SB3A 
2.2m 
6,370 18,500 4,640 150 23,300 10,700 10,500 20,300 20,100 810 <100 21,100 <1.0 <1.0 30.6 <1.0 168 199 168 225 
SB4 
1.0m 
<10 <50 <100 <100 <50 <10 <10 <50 <50 <100 <100 <50 <0.2 <0.5 <0.5 <0.5 <0.5 <0.2 <0.5 <1 
SB4 
1.78m 
4,260 17,300 1,330 <100 18,600 7,690 7,410 14,800 14,600 <100 <100 14,800 <1.0 <1.0 31.5 <1.0 247 278 247 164 
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4.4.4. Soil bore drilling 
Four soil bores, whose locations are shown in Figure 30, were advanced to a depth of 1.5 
m BGL by a hand auger and then drilled to a depth of 3 m BGL using a Geoprobe rig equipped 
with pushtubes on the 11 August 2015 (Figure 32). The locations were given prior clearance by 
a service locator. 
The soil bores differ from the soil vapour bores as they were purely designed to 
investigate the subsurface environment at Site D, rather than as a form of monitoring. 
Nevertheless, soil samples were collected from the hand augur and screened for VOCs with a 
PID at 0.5 m increments to a depth of 1.5 m BGL. Samples from the pushtube core underwent a 
number of analyses including XRD, Mastersizer and Thin Section analysis (section 4.1). A 
number of samples within the pushtube core were collected for PID analysis and sent to the lab 
for further VOC analysis within the appropriate time frame (one week). Results from the 
laboratory analysis of the soil samples are presented in Table 11. SB3 was initially located above 
a cement block, which could not be advanced by a hand auger. Therefore, a new location for the 
bore was required and is named SB3A throughout. 
 
Figure 32: Installation of soil bores using a Geoprobe rig equipped with pushtubes. Note: 
identifiable features have been blurred. 
B. Davies, 2015 
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Site E 
The location of Site E is shown in Figure 26. The depth to groundwater at Site E is 1.4 m, 
very similar to that of Site D (1.6 m). The results from a groundwater monitoring event at Site E 
which occurred in August 2013 are displayed in Table 12 below. Soil vapour monitoring has not 
been conducted at this site, due to the low levels of groundwater contamination. Likewise, the 
site is underlain by Botany Sand, which is believed to increase the oxygenation of the 
subsurface. As a result, this site is believed to have no risk to human health via vapour 
intrusions.  
Table 12: Results of groundwater sampling at Site E in August 2013. Groundwater that exceeds the 
limits of reporting shaded grey. Data is compared to HSL for vapour intrusions for 
commercial/industrial land use in sand.   Data supplied by Site Owner.  
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 mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
HSL 6 NL 5 NL NL NL NL 
MW1 0.048 <0.45 <0.00005 0.01 0.0022 0.01 <0.0005 
MW2 0.11 <0.45 <0.00079 0.001 <0.0005 <0.0015 <0.0005 
MW3 <0.00 <0.45 <0.005 <0.0005 <0.0005 <0.0015 <0.0005 
MW4 <0.8 <0.45 <0.01 <0.01 <0.01 <0.03 <0.01 
MW5 <0.4 <0.45 <0.005 <0.005 <0.005 <0.015 <0.005 
MW6 <0.8 <0.45 <0.01 <0.01 <0.01 <0.05 <0.01 
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Site F 
The location of Site F is shown in Figure 26. The results from a groundwater monitoring 
event at Site F which occurred in September 2006 are presented in Table 13 below. The depth 
to groundwater at Site F is 1.5 m, which is very similar to Site D and Site E (1.6 m and 1.4 m 
respectively). Similarly to Site E, no soil vapour monitoring events have occurred at this site, 
likely due to the absence of groundwater data that exceeds the HSL criteria. Again, the low rate 
of groundwater contamination may be due to the high rate of natural attenuation occurring at 
sites underlain by Botany Sand. 
Table 13: Results of groundwater sampling at Site F in September 2006. Groundwater that exceeds 
the limits of reporting shaded grey.  Data is compared to HSL for vapour intrusions for 
commercial/industrial land use in sand. Data supplied by Site Owner.  
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 mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
HSL 6 NL 5 NL NL NL NL 
MW1 0.048 0.52 0.034 0.003 0.015 0.037 0.002 
MW2 1.4 2.365 0.1 0.003 0.110 0.140 0.005 
MW3 0.92 0.96 0.003 <0.002 0.140 0.160 <0.002 
MW4 <0.02 <0.1 <0.0005 <0.001 <0.001 <0.002 <0.001 
MW5 0.220 <0.1 0.0018 <0.001 <0.001 <0.002 <0.001 
MW6 1.7 0.92 0.011 <0.001 0.029 0.028 0.002 
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Chapter Four- Summary and conclusions 
The analysis of soil vapour and groundwater monitoring results, concurrently with the 
petrological study has shed light on the effect of subsurface characteristics and vapour 
intrusions. The results of the analysis have shown that areas in the Sutherland Shire underlain 
by Hawkesbury Sandstone present little risk to human health via vapour intrusions. Conversely, 
areas underlain by Botany Sand may present a risk to human health, provided the contaminants 
are shallow and concentrated, similar to Site D. However, the limited data presented in Chapter 
four may not be sufficient to provide a definitive conclusion on the risk to human health at sites 
underlain by Botany Sand  
B. Davies, 2015 
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Chapter Five 
Discussion 
This study aimed to assess the human health risk of petroleum vapour intrusions 
resulting from groundwater contamination in the Sutherland Shire. Specifically, it intended to 
evaluate the current technical guidelines for vapour intrusions to determine whether the 
geological successions that typify the Sutherland Shire form a suitable barrier to vapour 
intrusion pathways. To do this, several groundwater and soil vapour monitoring test results 
were compared on a site-by-site basis. Additionally, a petrological study of both the 
Hawkesbury Sandstone and Botany Sand was undertaken, which revealed the compositional 
and structural characteristics of the sedimentary rock successions and unconsolidated soils and 
sediment.  
The analysis of a number of groundwater and soil vapour monitoring events at the sites 
studied within the Sutherland Shire revealed some interesting results; although there are a 
number of significantly contaminated sites within the study area, no site underlain by 
Hawkesbury Sandstone showed noteworthy risk to human health via vapour intrusion. 
However, the human health risk at site underlain by Botany Sand is still unclear. As discussed a 
number of times throughout this thesis, the compositional and structural characteristics of the 
subsurface surrounding a contaminated site has a significant influence on the movement of  
groundwater contaminants and vapours through the subsurface (Johnson, 2010; NEPM 1999 
Vol 3 Sch B2, 2013; SCCG, 2006; Singhal & Gupta, 2010) 
5.1 Soils and geology  
5.1.1. Hawkesbury Sandstone 
From previous research, it was expected the Hawkesbury Sandstone would be 
composed of mainly detrital quartz grains (68%), with a small percentage of clay (20%) and 
other minerals (Pells, 2004). Additionally, a medium quartose sandstone with shale and 
laminate lenses (Nashar, 1967) was predicted, with relatively homogenous grain size 
(McDonald, 2008) and moderately well sorted sandstone (Zaid & Al Gahtani, 2015).  
 The petrographic analysis performed in this thesis generally agreed with previous 
studies stated above. X-ray diffraction (XRD) of Site A underlain by Hawkesbury Sandstone 
showed 62% of the sample was composed of cement quartz grains, with an additional 22% clay 
minerals (kaolinite and illite; 10.2% and 11.7% respectively; Section 4.1.2.) and iron oxides 
(15.8%; hematite). Scanning electron microscopy identified the presence of kaolinite and iron 
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oxides within the sample, as well as large peaks of oxygen and silicon, illustrative of the 
presence of aluminosilicate minerals.  
5.1.2. Botany Sand 
 From previous studies, Botany Sand has been characterised as Quaternary alluvium 
composed of windblown marine, quartz sand, with a small percentage (10%) of silts and clay 
(SCCG, 2006). The sand is medium-grained, well sorted and angular with thin clay or silty layers 
(Parker, 1997). 
The petrological analyses of sites underlain by Botany Sand generally concur with 
previous literature, as discussed above. Analyses showed a higher percentage (85%) of quartz 
than the Hawkesbury Sandstone (62%), with an average medium grain size and small 
percentage of silts and clays. Although, sediment particle size analysis indicated the sands are 
poorly sorted, conflicting with Parker (1997), who noted the Botany Sand was well sorted.  
 The major distinction between the Hawkesbury Sandstone and Botany Sand in this 
study is the contrasting degree of consolidation of the two units. The Hawkesbury Sandstone is 
a strongly consolidated, sedimentary rock. In contrast, the Botany Sand is unconsolidated, loose 
sands. 
The contrasting sedimentary rock successions and unconsolidated sands and soils 
between the two geologically distinct areas provide a number of different preferential pathways 
for vapour intrusions. In particular, the higher porosity of the Botany Sand enables increased 
oxygen diffusion from the atmosphere, encouraging biodegradation. Hawkesbury Sandstone, 
however, is significantly less permeable, and few preferential pathways exist in the absence of 
fractures, faults and fissures.  
Similarly, the oxygenation of the subsurface has control over the natural attenuation of 
groundwater contamination and associated hydrocarbon vapours before they reach indoor air, 
or a human receptor. As a result, it is believed that the Botany Sand is facilitating the access of 
more oxygen into the shallow subsurface due to the higher porosity, and consequently, 
hydrocarbon vapours are biodegrading before they reach the surface. On the other hand, the 
Hawkesbury Sandstone may not only be acting as a barrier for vapour intrusions but may also 
be preventing oxygen from attenuating both the source of contamination and associated 
vapours. Provided the sandstone is intact and no preferential pathways are formed, such as a 
building footprint extending below the sandstone, or a fracture within the rock unit, vapours are 
unlikely to diffuse into indoor air. 
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Davis (2010) estimated that 1.5 m and 10 m thickness of clean soil would be required to 
attenuate petroleum hydrocarbon vapours emanating from dissolved-phase and Light Non-
Aqueous Phase Liquids (LNAPL) sources respectively, to non-detectable levels. Similarly, CRC 
Care (2013a) identified a 2 m screening distance for dissolved phase contaminants and 8 m for 
LNAPL or strong dissolved phase contaminants. Having said this, LNAPL was encountered a 
number of times during the groundwater monitoring event at Site D. MW1 encountered LNAPL 
at a depth of 1.9 m BGL with an apparent thickness of 400 mm. Similarly, LNAPL was 
encountered at a depth of 2.2 m BGL with an apparent thickness of 75 mm in MW4 also at Site D.  
The results of the petrological study illustrate there is a lack of clean soil evident at both 
sites within the Sutherland Shire. As shown in the sediment logs presented in section 4.1.1. 
minimum soil depths of 1.5 m to 2 m do not typically occur in the Sutherland Shire. The 
representative log for Site A shown in Figure 17 depicts a soil depth of no more than 70 cm.  
However, the upper layer of the Hawkesbury Sandstone has weathered so substantially that it 
appears to be part of the regolith profile. Similarly, the Botany Sand representative profile 
presented in Figure 18 shows that the soils only constitute the upper 30 cm of the profile. As 
soil depth is an important feature in the biodegradation of hydrocarbons, this raises the 
question as to whether contaminated sites within the Sutherland Shire require site specific 
assessment of risk. This issue will be discussed in further detail in Section 5.4.  
5.2 Porosity and permeability 
5.2.1. Hawkesbury Sandstone  
The petrological study of the Hawkesbury Sandstone revealed the porosity and 
permeability the substrates, as well as its grain size distribution and mineralogical composition. 
Although sediment particle size analysis was not performed for the Hawkesbury Sandstone as it 
is consolidated, Nashar (1967) classified the sandstone as medium to coarse-grained. 
Furthermore, the thin section analysis indicated the particle size to be in the range of 200 µm to 
400 µm, classifying it as a medium grained sandstone according to Wentworth (1922).  The 
results indicate the Hawkesbury Sandstone has a porosity of 4-7%, due to the limited extent of 
blue dye present in the thin sections. Additionally, the Hawkesbury Sandstone can often be 
susceptible to erosion and weathering, and therefore the secondary porosity (as discussed in 
Section 2.2.4.) may be significantly higher in heavily eroded areas, which may increase the 
distance groundwater travels and may also influence vapour migration. 
Quantifying a value of permeability for the Hawkesbury Sandstone in this study is 
difficult, particularly as Liu et al. (1996) found no correlation with porosity. However, the 
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movement of groundwater through the Hawkesbury Sandstone is generally <1 m per year 
(SCCG, 2006). The majority of groundwater movement through a number of rock units in the 
Sutherland Shire, including the Hawkesbury Sandstone, occurs through the network of fractures 
and fissures, or along bedding planes, generally at a local scale (Bowman, 1974). The presence 
of fractures facilitates the movement of groundwater, increasing the permeability of the 
substrate (Figure 7). Therefore, if fractures, faults and fissures are lacking in a localised area, 
groundwater movement is likely to be <1 m per year. Similarly, the absence of fractures 
indicates a lack of a preferential pathway for vapour intrusions from groundwater 
contamination (Bense et al., 2003), which may significantly increase the risk of vapour 
intrusions at sites underlain by relatively strong, shallow contaminants, such as Site A. 
Therefore, it appears that vapour intrusions from groundwater contamination in sites underlain 
by Hawkesbury Sandstone in the Sutherland Shire are insignificant.   
5.2.2. Botany Sand 
  Grain size analysis revealed Botany Sand is predominantly composed of medium-
grained sands, with a small proportion of silt and clays sized particles. Sediment particle size 
analysis revealed a grain size range between <2 – 700 µm, with the most common particles size 
300 µm (Figure 22), classifying it as medium grained according to Wentworth (1922). The 
porosity of Botany Sand was estimated to be 15-20%, possibly higher, based on grain size 
analysis and the presence of well sorted and angular particles.  
Botany Sand is likely to have a significantly higher permeability than the Hawkesbury 
Sandstone, as it is not cemented. This is also indicated by the grain size, sorting of particles and 
its general classification as a ‘sand’. Consequently, the Hawkesbury Sandstone is likely to have 
significantly lower oxygen content than the Botany Sand, as well as less movement of oxygen 
from the atmosphere into the sandstone than the sands.  
In terms of ground water contamination and associated vapour intrusions, this means 
Botany Sand is likely to have a more profound effect on the natural attenuation of petroleum 
hydrocarbons, due to the higher oxygen content in the substrate (Abreu et al., 2009; Hers et al., 
2014; Verginelli & Baciocchi, 2011).  
5.3 Aquifers likely within the Sutherland Shire  
The geological areas that typify the Sutherland Shire can be categorised into aquifer 
classes, as outlined in Section 3.4. The Hawkesbury Sandstone is unlikely to hold a significant 
amount of groundwater in the form of porous rock aquifers (SCCG, 2006). Instead, groundwater 
occurs in the porous layers within the sands and gravels in which the quartz cement have 
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dissolved. As identified previously, the cements (quartz) account for approximately 62% of the 
total content. Additionally, the Hawkesbury Sandstone is likely to form a confined aquifer, in the 
sense that the groundwater is confined to the space between the layers of Hawkesbury 
Sandstone and the water table. As a result, sites underlain by Hawkesbury Sandstone are prone 
to high fluctuations in the water table during different seasons, impacting on vapour modelling, 
as LNAPL is closer to the surface during different seasons.  
Unconsolidated sediments, such as Botany Sand typically form unconfined, perched 
aquifers, due to the ability to hold significant amounts of groundwater as a result of the higher 
permeability and porosity. However, small layers of silty clay can act as an aquiclude, in which 
zero water flow would occur, as discussed in section 4.1.4. Though, as these layers are likely to 
comprise a small proportion (~10%) of the total composition, they are unlikely to have a 
significant effect on the movement of vapour intrusions through the highly porous subsurface.  
The opposing aquifer types are likely to have contrasting effects on groundwater 
contamination. The aquifers present in the Hawkesbury Sandstone hold small volumes of water, 
limited to the cements within the consolidated matrix, or in fractures. The Botany Sand, on the 
other hand, typically holds large volumes of water within unconfined aquifers. This means they 
are generally more susceptible to groundwater contamination as they are closer to the surface 
than confined aquifers.  
While the Hawkesbury Sandstone is less likely to become contaminated, particularly 
from above ground sources, the limited movement of both water and air through the subsurface 
restrict the rate of natural attenuation. Conversely, although Botany Sand may be more 
susceptible to groundwater contamination, the continual exchange of water and air particles 
from the atmosphere facilitates natural attenuation, decreasing the risk of both groundwater 
contamination and associated vapour intrusions.  
5.4 Vapour sampling and groundwater monitoring results  
5.4.1. Hawkesbury Sandstone  
 Based on the results of the petrological study of the Hawkesbury Sandstone, and the 
literature regarding the effect of geological substrates on vapour intrusions, it was anticipated 
that little to no vapours would be found at sites underlain by Hawkesbury Sandstone. In the 
absence of preferential pathways, the Hawkesbury Sandstone is relatively impenetrable in 
terms of water and air movement. This is primarily due to the low porosity and permeability 
characteristics of the sandstone. Therefore, groundwater contaminants would be expected to 
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attenuate very slowly in the absence of oxygen. Similarly, the movement of associated vapours 
are restricted by the overlying impermeable barrier.   
 For the purposes of this study, as previously stated, no risk to human health is assumed 
why vapours are detected below the criteria outline in NEPM 1999 Vol 2 Sch B1 (2013) 
As expected, Site A underlain by Hawkesbury Sandstone generally does not show any 
risk to human health via vapour intrusions regardless of concentration of contaminants. 
However, soil vapour sample SV5b shows contradictory results. A number of analytes at a depth 
of 0.5 m indicate a presence of vapours at levels that exceeded the Site Specific Screening Levels 
(SSSL’s) used at this site (T). As these results disagree with the general trend at the site, it could 
indicate the presence of a preferential pathway, as discussed earlier in Section 5.2.1.  
Although vapour sampling did not occur at Site B underlain by Hawkesbury Sandstone, 
the results of the groundwater monitoring event were significantly lower than that of Site A, 
also underlain by Hawkesbury Sandstone. The groundwater was intersected at a greater depth 
at Site B (3.6m) than Site A (0.5m – 1.72m) and therefore, as Site A showed a lack of human 
health risk via vapour intrusions, it can be assumed that Site B also does not pose a health risk. 
Additionally, if a site contaminated with a volatile pollutant is suspected of posing a health risk, 
a vapour monitoring event must take place (NEPM 1999 Vol 3 Sch B2, 2013). Therefore, as 
vapour data are is absent for this site, it is assumed there was no risk for vapour intrusions.  
Limited vapour sampling occurred at Site C also underlain by Hawkesbury Sandstone. 
Similarly, this site displayed the absence of soil vapour regardless of the concentration of 
groundwater contaminants (Table 8 and Table 9) at a depth of 3.6 m. Although the vapour data 
for this site are limited, they agree with the trend that there is a lack of correlation between 
highly polluted groundwater and risk to human health via vapour intrusions.  
As previously discussed, the data presented in the results support the argument that the 
Hawkesbury Sandstone acts a barrier for the migration of vapour intrusions into indoor air. 
Although vapour intrusions may not be of concern at the study sites underlain by Hawkesbury 
Sandstone in the Sutherland Shire, sites may be of particular concern with the presence of 
preferential pathways in the subsurface. Preferential pathways, such as fractures and fissures 
provide a migration route for vapours into indoor air (Davis et al., 2009b; DeVaull et al., 2002). 
Therefore, it is fair to say; significantly contaminated sites underlain by Hawkesbury Sandstone 
may be a human health risk in terms of vapour intrusions provided there are adequate 
preferential pathways within the bedrock material.  
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5.4.2. Botany Sand  
From the results of the petrological study of Botany Sand, it is expected that increased 
oxygenation as a result of high porosity and permeability will naturally attenuate contaminated 
groundwater and associated vapours. Similarly, groundwater is expected to move at a faster 
rate compared with Hawkesbury Sandstone, diluting and dispersing the contaminants, again 
resulting in increased natural attenuation.   
Appendix D displays the tables used to calculate the percentage change of contaminants 
presented in Table 10. These calculations show that natural attenuation of vapours at Site D are, 
on average, relatively significant. Although values range from a 16% increase in vapours to 68% 
decrease, the majority of analytes decrease by around 30-45%. For example, TPH C9-C10 in SV1 
decreased by 68% in just 60 cm of clean soil, while SV2 saw a decrease of TPH C9-C10 by 45% 
in 80 cm of soil.  
Table 10 shows a significant decrease in vapours at shallow depths. Although the data 
provided may not be sufficient to conclude the risk of human health from vapours at Site D, they 
do indicate a significant rate of biodegradation occurring at this site. As stated previously, 
biodegradation has the ability to decrease the concentration of vapours by several orders of 
magnitude (Abreu & Johnson, 2006).  
Calculations presented in Appendix E show the depth of soil required to naturally 
attenuate vapours at Site D to undetectable limits. This is based on the rate of change presented 
in Appendix D. Table 1 in Appendix E shows a summary of the required soil depth. Evident from 
this table, the range of soil depths required for attenuation is between 0.88 m (TPH C9-C10 in 
SV1) and 6.6 m (Ethylbenzene in SV2). However, no contaminants at Site D appear to require 
the minimum soil depth outlined by both Davis (2010) and CRC Care (2013a) of 10 m and 8 m 
respectively for LNAPL. These results may suggest the significant influence of natural 
attenuation at this site. Increased oxygenation due to higher rates of porosity and permeability 
is biodegrading the vapour rapidly as they migrate to the surface.  
The validity of the rates presented above, however, must be scrutinised heavily. 
Calculating a rate based on two values of data is highly inaccurate. In order to sufficiently 
investigate the effect of biodegradation of vapours at Site D, a soil vapour monitoring well 
would require significantly more monitoring depths. Therefore, for the purposes of this study, 
the rate of biodegradation cannot be adequately quantified, and it is difficult to conclude if 
vapour intrusions pose a significant human health risk at this site.  
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However, this site is zoned commercial/industrial, and therefore it is assumed people 
are only exposed to vapours during work hours, without prolonged exposure. Additionally, the 
zoning presumes that there is no prolonged exposure to more sensitive receptors, such as 
children or long term residents (Friebal & Nadebaum, 2011). Therefore, there is currently no 
risk to human health via vapour intrusion at this site, due to the absence of long term residence. 
If this site was to be rezoned into residential, with the installation of structures and drainage 
potentially reducing rates of biodegradation and providing vapour pathways, a more in-depth 
vapour intrusion study would be required to accurately quantify risk to human health from 
contaminants at this site. 
Neither, Site E or Site F underlain by Botany Sand, recorded soil vapour monitoring 
events. As suggested earlier, the lack of soil vapour data at a site underlain by volatile 
contaminants suggests the absence of risk. Additionally, the groundwater monitoring results for 
Site E and F presented in Table 12 and Table 13, respectively, are significantly lower in 
concentration than Site D, while groundwater is encountered at approximately the same depth 
(Site D: 1.6 m; Site E: 1.4 m; Site F: 1.5 m). Although questionable, the rates derived for the 
biodegradation of hydrocarbons at Site D are significant. Therefore, it could be argued that Site 
E and Site F do not pose a risk to human health via vapour intrusion due to the significant 
likelihood that vapour will biodegrade before it reaches the surface.  
From the results in Chapter Five, the general assumption has been made that the 
Hawkesbury Sandstone is acting as a barrier to both vapour intrusions and the natural 
attenuation of contaminants, while the Botany Sand facilitates biodegradation of hydrocarbon 
vapours and groundwater contaminants. This is primarily due to the mineralogical nature and 
texture of the sedimentary rock successions. The Botany Sand has a much higher porosity (15-
20%), than the Hawkesbury Sandstone (4-7%), allowing a greater amount of both water and 
oxygen to flow through the pores, facilitating natural attenuation of both petroleum 
hydrocarbons and associated vapours.  
5.5 Limitations  
A number of limitations were evident during the completion of this thesis. The initial 
project plan was to assess a total of six sites within three geological areas within the Shire, 
including Hawkesbury Sandstone, Botany Sand and Wianamatta Group. However, due to the 
limited extent of the Wianamatta Group within the Shire, the study had to adjust focus to two 
main geological areas; Hawkesbury Sandstone and Botany Sand. The inclusion of the shale in 
the study would have resulted in a more accurate indication of the potential human health risk 
of vapour intrusions in the study area.  
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Secondly, a number of sites within the two main geological areas only had one 
groundwater monitoring event and lacked soil vapour monitoring events (Site B, Site E and Site 
F). While this is not ideal, it may be an indication that these sites did not have a vapour intrusion 
risk. Contaminated sites that potentially pose a human health risk via vapour intrusions are 
required to have a vapour monitoring event to assess the extent of the risk (NEPM 1999 Vol 3 
Sch B2, 2013). For those sites that lacked soil vapour data, groundwater was compared to the 
main site underlain by the same substrate. In these cases, the groundwater contamination was 
less than that of the main comparison site (Site A or Site D), and it was concluded that due to the 
lack of soil vapour exceedance in Site A and D, those sites with lower concentrations of 
groundwater contamination did not pose a threat via vapour intrusions. 
Another limitation within this thesis is the lack of data available for Site C underlain by 
Hawkesbury Sandstone. This lack of data resulted in the comparison of a groundwater 
monitoring event from 2011 with a soil vapour monitoring event from 2015. Although this is 
not ideal, contamination in groundwater generally does not degrade significantly in a four year 
period, particularly with the lack of oxygen expected at a site underlain with Hawkesbury 
Sandstone.  
As previously discussed, a number of prior studies indicate the effect of any surface 
concrete depends on both the slab size and the source and depth of contamination (Abreu & 
Johnson, 2005; Abreu & Johnson, 2006; CRC Care, 2013a). Slab-on-ground constructions can 
limit oxygenation of soils and restrict the biodegradation of vapours (Davis et al., 2004; Davis et 
al., 2009b). As slab size differed at each site studied in this thesis, this may have had an 
influence on the attenuation of hydrocarbon vapours. Therefore, to rule out slab size as a 
possible influence on vapour attenuation, a more in-depth conceptual site model should be 
undertaken.  
As the depth to groundwater differed at each site, this had an impact on the migration of 
contaminants. Groundwater fluctuates as much as 1.2 m between seasons at Site A underlain by 
Hawkesbury Sandstone. As a result, the movement of vapours is impacted, as LNAPL is closer to 
the surface during different seasons. When water levels are higher, contaminants are closer to 
the surface. As a result, the risk of vapour intrusions entering indoor air would be greater. 
However, for the purposes of this report, we are assuming that the Hawkesbury Sandstone will 
still act as a barrier to the movement of vapours.  
A study of groundwater depth and fluctuations in the Sutherland Shire would be an 
interesting future study. In particular, to investigate the risk of vapour intrusions when 
groundwater levels are at the highest, compared with the lower level.  
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5.6 Implications and recommendations 
Application of the findings of this study could extend to sites elsewhere with Australia 
with a limited soil profile. The analyses suggest that a minimum soil depth is not required 
provided there is a relatively impermeable layer underlying contaminants, in this case, the 
Hawkesbury Sandstone. Additionally, a shallower soil depth than suggested may be required in 
highly permeable and porous media, such as the Botany Sand, due to the higher rates of natural 
attenuation of vapours. Therefore, this study has shown that the minimum soil depths may not 
be applicable in all situations. Rather, a site specific assessment may be required, particularly 
for shallow contaminants in sites underlain by highly porous and permeable sediments.   
Additionally, it was found that vapours resulting from contamination in sand attenuate 
at a rapid rate in the presence of oxygen. Therefore, this could be applicable to vapours in sand 
with a similar porosity to the Botany Sand. Although the rate of attenuation occurring in Botany 
Sand was not quantified in this study, this may be a direction for future research.  
In terms of the application of the results to other sites within the Sutherland Shire and 
surrounding areas, this study suggests that sites with similar contaminant concentrations to Site 
A (the most contaminated site in the Hawkesbury Sandstone) are unlikely to pose a human 
health risk as a result of vapour intrusions. However, sites with higher concentrations of 
contaminants may need to be assessed individually.  
Regardless of the porosity and permeability of the subsurface, sites should be screened 
for potential preferential pathways. Application of the findings may be limited to Australia, as 
currently, many countries have a very different approach to the management of vapour 
intrusions. In the United States alone, more than 20 states have their own guidelines regarding 
vapour intrusions.  
Chapter Five- Summary and conclusions 
 As discussed throughout Chapter Five, vapour intrusions resulting from groundwater 
contamination in the Sutherland Shire differ between sites underlain by Hawkesbury Sandstone 
and those underlain by Botany Sand. This is primary a result of the petrological differences in 
the underlying substrate; in particular the porosity and permeability.  
In general there is no correlation between highly polluted groundwater and risk to 
human health via vapour intrusions at sites underlain by the Hawkesbury Sandstone. Although 
a number of groundwater monitoring wells showed relatively high exceedances of health-based 
investigation levels, vapours generally do not pose a human health risk at any site within the 
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Sutherland Shire. The trends presented in Chapter Five resulted in the assumption that the 
Hawkesbury Sandstone is acting as a barrier to vapour intrusion.  
However, the severity of vapour risk to sites underlain by Botany Sand in inconclusive, 
due to the limited vapour monitoring events in this area. Nevertheless, the process of natural 
attenuation is significantly more effective in these areas, due to the high porosity and 
permeability of the subsurface.  
 This study provides an insight into vapour intrusions through different sedimentary 
substrates within the Sutherland Shire. Sufficient groundwater monitoring and soil vapour data 
was not available at the time of the study. Additional information could not be obtained in the 
timeframe of this study, primarily due to time, financial and accessibility constrains. Therefore, 
this study should be taken as a pilot study, providing the basis on which to proceed with further 
studies. Additional data regarding slab-on-ground effects, fractures and vapour pathways is 
needed to provide a complete comprehensive study on whether the Hawkesbury Sandstone and 
Botany Sand provide a suitable barrier to vapour intrusions in the Sutherland Shire.  
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Chapter Six 
Conclusions 
 
1. When applying the guidelines to assess the risk to human health via vapour intrusions 
within the Sutherland Shire, the minimum thickness of soil (1.5 m of clean soil for 
dissolved-phase and 10 m for LNAPL) between the source of groundwater 
contamination and the receptor (humans) are not met.  
2. Petroleum hydrocarbon contaminated sites underlain by Hawkesbury Sandstone within 
the study area show little risk to human health via vapour intrusions based on the soil 
vapour and groundwater monitoring results. It is hypothesised that due to the low 
porosity and permeability of these sandstones as a result of the high percentage of grain 
to grain contacts of the sedimentary constituents and high degree of cementation, the 
substrate is essentially acting as a barrier to vapour intrusions. This is, however, 
assuming a lack of preferential pathways present in the substrate which, if present, may 
facilitate the migration of vapours into indoor air at sites underlain by Hawkesbury 
Sandstone.  
3. Conversely, results were inconclusive on sites underlain by Botany Sand. This is 
primarily due to the lack of adequate soil vapour data. Therefore, this study cannot 
adequately comment on the risk to human health via vapour intrusions at such sites. 
However, the results indicate that natural attenuation is likely to be significantly more 
effective in the reduction of vapours at sites underlain by Botany Sand than Hawkesbury 
Sandstone, due to the increased porosity and permeability in the subsurface. In order to 
adequately determine the human health risk from vapours, a detailed soil vapour 
monitoring event would be required to quantify rates of natural attenuation occurring in 
Botany Sand.    
4. This study suggests that the technical guidelines regarding the minimum soil depths are 
not applicable to the Sutherland Shire. Calculations suggested that vapours would 
attenuate at sites underlain by Botany Sand in much less than the suggested 10 m of 
clean soil. Additionally, the soil depth guidelines did not apply to sites underlain by 
Hawkesbury Sandstone due to the impenetrable nature of the substrate. 
5. Further studies should focus on an adequate quantification of the attenuation of vapours 
at sites underlain by Botany Sand. Furthermore, a future study regarding the impact of 
preferential pathways at sites underlain by Hawkesbury Sandstone would further 
indicate the human health risk at these sites.   
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Appendix A- Health Screening Levels for groundwater and vapours 
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Soil vapour health screening levels (mg/m3). Source (Friebal & Nadebaum, 2011) 
 
Continued 
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Groundwater health screening levels for vapour intrusions (mg/L). Source (Friebal & Nadebaum, 
2011) 
 
Continued 
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Soil health screening levels for vapour intrusions (mg/kg). Source (Friebal & Nadebaum, 2011) 
 
Continued  
 
Soil health screening levels for direct contact (mg/kg) 
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Groundwater health screening levels for vapour intrusion (mg/L) – commercial land use in Sand 
 
Health screening levels – 
Chemical Commercial/industrial land use (HSL D) in sand
(1)
 
 
               2 to < 4 m   4m to < 8m         8m +          Solubility 
Limits                                                                                           
F1
(2) 
6 6 7 9.0 
F2
(2) 
NL NL NL 3.0 
Benzene 5 5 5 59 
Toluene NL NL NL 61 
Ethylbenzene NL NL NL 3.9 
Xylene NL NL NL 21 
Naphthalene NL NL NL 0.17 
(1) NEPM (1999) Revised 2013 – Schedule B1 Investigation levels for soil and groundwater. Groundwater HSLs for vapour 
intrusion 
(2) F1 = C6-C10 less BTEX; F2 = >C10-C16 less 
naphthalene.  
(3) NL – not limiting 
 
 
Groundwater health screening levels for vapour intrusion (mg/L) – commercial land use in Clay 
 
Health screening levels – 
Chemical Commercial/industrial land use (HSL D) in Clay
(1)
 
 
               2 to < 4 m   4m to < 8m         8m +          Solubility 
Limits                                                                                           
F1
(2) 
NL NL NL 9.0 
F2
(2) 
NL NL NL 3.0 
Benzene 30 30 35 59 
Toluene NL NL NL 61 
Ethylbenzene NL NL NL 3.9 
Xylene NL NL NL 21 
Naphthalene NL NL NL 0.17 
(1) NEPM (1999) Revised 2013 – Schedule B1 Investigation levels for soil and groundwater.Groundwater HSLs for vapour 
intrusion 
(2) F1 = C6-C10 less BTEX; F2 = >C10-C16 less 
naphthalene.  
(3) NL – not limiting 
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Soil health screening levels (mg/kg) for vapour intrusion (mg/kg) – commercial land use 
 
Health screening levels – 
Chemical Commercial/industrial land use (HSL D) in sand
(1)
 
 
0 to < 1 m 1 m to < 2 m 2 m to < 4 m ≥ 4 m 
F1
(2) 
260 370 630 NL 
F2
(2) 
NL NL NL NL 
Benzene 3 3 3 3 
Toluene NL NL NL NL 
Ethylbenzene NL NL NL NL 
Xylene 230 NL NL NL 
Naphthalene NL NL NL NL 
 
1) NEPM (1999) Revised 2013 – Schedule B1 Investigation levels for soil and groundwater. Soil Health Screening Levels for  
vapour intrusion. 
2) F1 = C6 – C10 less BTEX; F2 = >C10 – C16 less naphthalene 
3) NL – not limiting 
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Appendix B- Sediment Logs 
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Site A- Hawkesbury Sandstone  
 
 
MWB 
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Site D- Botany Sand  
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Appendix C- Microscopy images from thin sections 
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Site A: Hawkesbury Sandstone 
 
 
 
 
  
  
 
Thin sections of Site A underlain by Hawkesbury Sandstone  a) MWD 1.2 m plane-polarized light, 4 
x mag. b) MWD 1.2 m reflected light, 4 x mag. c) MWD1.2 m crossed-polarized light, 4 x mag. d) 
MWD 1.2 m plane-polarized light, 10 x mag. e) MWD 1.2 m reflected light, 10 x mag f) MWD 1.2 m 
crossed-polarized light, 10 x mag. (b) and (e) show opaque grains are leucoxene (oxidized 
ilmenite) 
a) b) 
c) d) 
e) f) 
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Thin sections of Site A underlain by Hawkesbury Sandstone a) MWE, 3 m plane-polarized light, 4 x 
mag. b) MWE, 3 m reflected light, 4 x mag. c) MWE, 3 m crossed-polarized light, 4 x mag. d) MWE, 3 
m plane-polarized light, 10 x mag. e) MWE, 3 m reflected light, 10 x mag f) MWE, 3 m crossed-
polarized light, 10 x mag. (b) and (e) show opaque minerals are a mixture of limonite (orange) and 
hematite (red) formed during surface weathering and oxidation 
 
  
a) b) 
c) d) 
e) f) 
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Thin sections of Site A underlain by Hawkesbury Sandstone a) MWF, 0.5 m plane-polarized light, 
10 x mag. b) MWF, 0.5 m reflected light, 10 x mag. c) MWF, 0.5 m crossed-polarized light, 10 x mag. 
(b) shows opaque minerals are a mixture of limonite (orange) and hematite (red) formed during 
surface weathering and oxidation 
 
 
a) b) 
c) 
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Thin sections of Site A underlain by Hawkesbury Sandstone a) MWG 2.5 m  plane-polarized light, 4 
x mag. b) MWG 2.5 m reflected light, 4 x mag. c) MWG 2.5 m crossed-polarized light, 4 x mag. d) 
MWF2.5 m plane-polarized light, 10 x mag. e) MWG 2.5 m reflected light, 10 x mag f) MWG 2.5 m 
crossed-polarized light, 10 x mag. (b) and (e) show opaque minerals are a mixture of limonite 
(orange) and hematite (red) formed during surface weathering and oxidation 
 
a) b) 
c) d) 
e) f) 
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Site D- Botany Sand 
 
 
 
 
  
   
Thin section of Site D underlain by Botany Sand a) SB2, 1.61 m plane-polarized light, 4 x mag b) 
SB2, 1.61 m cross-polarized light, 4 x mag c) SB2, 1.61 m cross-polarized light, 4 x mag d) SB2, 1.61 
m plane-polarized light, 4 x mag. Samples are dominated by monocrystalline quartz but also 
contain chert and quartzite 
  
a) b) 
c) d) 
B. Davies, 2015 
 
110 
 
 
 
 
 
 
  
   
Thin section of Site D underlain by Botany Sand a) SB3A 1.78 m cross-polarized light, 4 x mag b) 
SB3A 1.78 m plane-polarized light, 4 x mag c) SB3A 1.78 m plane-polarized light, 4 x mag d) SB3A 
1.78 m plane-polarized light, 4 x mag e) SB3A 1.78 m cross-polarized light, 4 x mag f) SB3A 1.78 m 
cross-polarized light, 4 x mag. Images show monocrystalline quartz, minor chert, weathered 
plagioclase and molluscan shell fragments 
  
a) b) 
c) d) 
e) f) 
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Thin section of Site D underlain by Botany Sand a) SB4 1.75 m cross-polarized light, 4 x mag b) SB4 
1.75 m plane-polarized light, 4 x mag c) SB4 1.75 m cross-polarized light, 4 x mag d) SB4 1.75 m 
plane-polarized light, 4 x mag e) SB4 1.75 m cross-polarized light, 4 x mag f) SB4 1.75 m plane-
polarized light, 4 x mag. Images show monocrystalline quartz, minor chert and sedimentary rock 
fragments 
 
a) b) 
c) d) 
e) f) 
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Appendix D- Natural Attenuation calculations 
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PLEASE NOTE: Although the calculations were performed on  
 
Decrease in contaminants at SV1 
 
Decrease in contaminants at SV2 
 TPH  TRH 
 Benzen
e 
Toluene Ethylbenzene Xylene 
(m&p) 
Xylene 
(o) 
Naphthalene TPH  C5-C8 TPH C9-
C12 
TPH C9-
C10 
TPH C6-C10 TPH 
>C10-C12 
- N 
SV1a 1.2 m 0.2 <0.00015 <0.17 0.57 <0.17 <0.21 1,200 430 53 2,500 470 
SV1b 0.6 m  0.16 <0.00015 <0.17 0.64 <0.17 <0.21 740 280 17 1,500 250 
Decrease in 
contaminants (%) 
20 N/A N/A -12 N/A N/A 38 35 68 40 47 
 TPH  TRH 
 Benzen
e 
Toluene Ethylbenzene Xylene 
(m&p) 
Xylene (o) Naphthalene TPH  C5-C8 TPH C9-
C12 
TPH C9-
C10 
TPH C6-C10 TPH >C10-
C12 - N 
SV2a 
1.4 m  
7.2 <0.00015 25 1.4 <0.17 56.6 3,000 700 170 4,900 420 
SV2b 
0.6 m  
6.1 0.00034 22 <0.35 0.27 30.0 2,600 460 93 4,200 490 
Decrease in 
contaminants 
(%) 
15 N/A 12 N/A N/A 47 13 34 45 14 -16  
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Appendix E- Soil depths required for zero detection of vapours 
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Appendix D shows the calculations used to determine the depth of soil needed to attenuate vapours to undetectable limited based on the 
rate of change shown in Appendix C.  
SV1: TPH C5-C8 Aliphatic 
460 mg/m3
0.6 𝑚
=  
1,200 mg/m3
𝑋𝑚
 
𝑋𝑚 = 1.56 𝑚  
 
Depth of soil required to attenuate contaminants to non-detectable levels based on the rates presented in Appendix C 
 TPH  TRH 
 Benzene Toluene Ethylbenzene Xylene 
(m&p) 
Xylene 
(o) 
Naphthalene TPH  C5-C8 TPH C9-
C12 
TPH C9-
C10 
TPH C6-C10 TPH >C10-C12 - 
N 
SV1 3 m  N/A N/A Increase N/A N/A 1.56 m 1.72 m 0.88 m 1.5 m 1.28 m 
SV2 5.2 m N/A 6.6 m N/A N/A 1.7 m 6 m 2.3 m 1.76 m 5.6 m Increase 
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Appendix F- Raw groundwater monitoring and soil vapour data 
 
Note 1- raw data has been supplied for Site D only, as it was performing during the completion 
of this thesis by the author. However, due to confidentiality and third party permission reasons, 
raw data has not been supplied for additional sites.  
 
Note 2: For the laboratory results presented in this thesis; JSV1 and JSV2 and called SV1a and 
SV1b; while JSV3 and JSV4 are called SV2a and SV3b 
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Appendix G- Raw Mastersizer results (sediment particle size analysis)  
B. Davies, 2015 
 
137 
 
 
Sample 
Name 
Sand Silt Clay Clay2um D [4, 3] - 
Volume 
weighted 
mean 
Mode Mode2 StdD 
SB1 0.1 m 79.93 18.2 1.87 0.25 291.21 366.077 58.45 1.89 
SB1 0.1 m 80.16 18 1.84 0.25 296.906 372.633 58.75 1.89 
SB1 0.1 m 79.47 18.62 1.91 0.26 288.502 369.416 59.3 1.9 
SB1 0.1 m 76.88 20.96 2.16 0.29 260.401 342.698 61.44 1.95 
SB1 0.1 m 77.04 20.82 2.14 0.29 267.965 352.775 63.5 1.97 
SB1 0.1 m- 
Average 
78.7 19.32 1.98 0.27 280.997 360.595 59.87 1.92 
SB1 0.5 m 100 0 0 0 353.314 338.485 0 0.48 
SB1 0.5 m 100 0 0 0 355.104 339.355 0 0.48 
SB1 0.5 m 100 0 0 0 355.934 340.806 0 0.48 
SB1 0.5 m 100 0 0 0 355.494 339.642 0 0.48 
SB1 0.5 m 100 0 0 0 357.44 342.169 0 0.48 
SB1 0.5 m- 
Average 
100 0 0 0 355.457 340.092 0 0.48 
SB1 1.0 m 92.67 6.68 0.66 0.02 309.286 314.383 34.62 0.99 
SB1 1.0 m 92.84 6.52 0.64 0.02 301.38 302.621 34.82 0.98 
SB1 1.0 m 92.99 6.38 0.63 0.02 314.552 318.018 34.92 0.98 
SB1 1.0 m 92.77 6.58 0.65 0.02 300.391 301.735 34.74 0.98 
SB1 1.0 m 92.02 7.24 0.74 0.02 294.798 298.356 34.01 1.02 
SB1 1.0 m- 
Average 
92.66 6.68 0.66 0.02 304.081 306.85 34.62 0.99 
SB1 1.5 m 35.95 55.08 8.97 1.35 96.96 278.488 12.07 2.4 
SB1 1.5 m 35.97 55 9.03 1.37 96.329 274.089 11.99 2.4 
SB1 1.5 m 38.18 53.08 8.74 1.33 108.876 293.558 11.97 2.44 
SB1 1.5 m 36.96 54.09 8.95 1.37 103.524 288.453 12.01 2.43 
SB1 1.5 m 35.86 55 9.14 1.4 98.665 281.283 12.16 2.42 
SB1 1.5 m- 
Average 
36.58 54.45 8.96 1.36 100.871 283.514 12.04 2.42 
SB1 1.62m 66.39 29.97 3.63 0.58 184.512 282.047 38.27 2.12 
SB1 1.62m 67.34 29.14 3.52 0.56 191.872 288.122 38.98 2.12 
SB1 1.62m 64.81 31.38 3.82 0.61 176.736 277.235 37.16 2.13 
SB1 1.62m 65.95 30.36 3.69 0.59 186.562 287.854 38.98 2.13 
SB1 1.62m 60.93 34.82 4.25 0.68 161.549 269.329 38.08 2.18 
SB1 1.62m - 
Average 
65.08 31.13 3.78 0.6 180.246 281.476 38.28 2.14 
SB1 1.89m 61.14 35.47 3.39 0.44 156.094 241.235 28.49 2.06 
SB1 1.89m 63.85 32.98 3.16 0.41 176.158 263.342 28.61 2.08 
SB1 1.89m 62.32 34.35 3.33 0.44 166.641 249.092 28.26 2.09 
SB1 1.89m 60.85 35.68 3.47 0.46 160.972 248.647 28.37 2.09 
SB1 1.89m 61.9 34.73 3.37 0.44 168.381 258.592 28.87 2.1 
SB1 1.89m - 
Average 
62.01 34.64 3.34 0.44 165.649 251.979 28.51 2.09 
SB1 2.91m 92.91 5.35 1.75 0.3 309.471 318.712 5.54 1.01 
B. Davies, 2015 
 
138 
 
SB1 2.91m 93.08 5.2 1.72 0.29 309.963 317.589 5.47 0.98 
SB1 2.91m 92.79 5.38 1.83 0.31 307.38 312.61 5.39 1.06 
SB1 2.91m 92.83 5.35 1.82 0.31 296.277 305.706 5.32 1 
SB1 2.91m 93.63 4.77 1.6 0.27 307.675 314.004 5.34 0.89 
SB1 2.91m - 
Average 
93.05 5.21 1.74 0.3 306.153 313.972 5.41 0.98 
SB2 0.1m 78.69 18.52 2.79 0.45 306.334 384.694 48.78 2.06 
SB2 0.1m 78.04 19.08 2.88 0.47 294.463 372.682 47.96 2.07 
SB2 0.1m 77.77 19.31 2.92 0.47 290.663 368.329 47.41 2.08 
SB2 0.1m 77.44 19.6 2.96 0.48 286.289 368.684 47.85 2.08 
SB2 0.1m 78.62 18.58 2.8 0.45 298.491 375.423 48.11 2.05 
SB2 0.1m - 
Average 
78.11 19.02 2.87 0.47 295.248 373.837 48.01 2.07 
SB2 0.5 m 92.91 5.95 1.14 0.14 367.497 374.239 7.63 1.08 
SB2 0.5 m 93.12 5.78 1.1 0.13 368.656 374.137 7.6 1.05 
SB2 0.5 m 93.08 5.8 1.12 0.13 368.774 374.728 7.61 1.06 
SB2 0.5 m 92.99 5.88 1.13 0.13 367.418 373.392 7.62 1.07 
SB2 0.5 m 92.92 5.93 1.14 0.14 364.017 370.454 7.61 1.07 
SB2 0.5 m- 
Average 
93.01 5.87 1.13 0.13 367.271 373.373 7.62 1.07 
SB2 1.0 m 100 0 0 0 447.116 426.736 0 0.52 
SB2 1.0 m 100 0 0 0 444.439 423.411 0 0.53 
SB2 1.0 m 100 0 0 0 442.363 421.806 0 0.52 
SB2 1.0 m 100 0 0 0 446.242 425.185 0 0.52 
SB2 1.0 m 100 0 0 0 446.212 426.334 0 0.52 
SB2 1.0 m- 
Average 
100 0 0 0 445.274 424.687 0 0.52 
SB2 1.5 m 100 0 0 0 461.852 443.253 0 0.51 
SB2 1.5 m 100 0 0 0 456.633 439.349 0 0.51 
SB2 1.5 m 100 0 0 0 460.619 442.528 0 0.51 
SB2 1.5 m 100 0 0 0 461.716 444.087 0 0.51 
SB2 1.5 m 100 0 0 0 458.048 439.644 0 0.51 
SB2 1.5 m- 
Average 
100 0 0 0 459.773 441.764 0 0.51 
SB2 1.61m 94.96 4.86 0.18 0 308.459 310.814 37.02 0.73 
SB2 1.61m 94.81 5 0.19 0 303.677 305.142 35.77 0.76 
SB2 1.61m 94.79 5.02 0.19 0 310.032 312.341 37.22 0.76 
SB2 1.61m 94.78 5.03 0.19 0 301.252 302.44 36.33 0.76 
SB2 1.61m 94.89 4.92 0.19 0 308.829 311.729 36.76 0.75 
SB2 1.61m - 
Average 
94.85 4.97 0.19 0 306.45 309.051 36.6 0.76 
SB2 2.29m 86.17 12.51 1.32 0.15 268.577 299.381 44.13 1.21 
SB2 2.29m 84.75 13.73 1.52 0.23 289.442 310.789 45.14 1.55 
SB2 2.29m 85.51 13.13 1.36 0.16 284.383 317.565 44.69 1.27 
SB2 2.29m 85.07 13.47 1.47 0.22 269.803 299.887 43.94 1.29 
SB2 2.29m 85.36 13.21 1.43 0.22 281.471 314.482 43.74 1.27 
SB2 2.29m - 
Average 
85.37 13.21 1.42 0.2 278.735 307.905 44.31 1.3 
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SB2 2.66m 11.53 68.42 20.04 3.7 37.74 7.311 244.38 1.84 
SB2 2.66m 9.49 70.05 20.46 3.78 31.373 7.265 219.18 1.78 
SB2 2.66m 15.32 64.69 19.99 4.26 42.605 7.322 215.08 2 
SB2 2.66m 8.42 69.94 21.65 4.61 28.167 7.349 201.83 1.78 
SB2 2.66m 4.04 48.7 47.26 35.45 14.698 0.129 7.36 3.19 
SB2 2.66m - 
Average 
9.76 64.39 25.86 10.33 30.923 7.316 218.35 2.41 
SB3A 1.78m 100 0 0 0 351.385 341.174 0 0.36 
SB3A 1.78m 100 0 0 0 349.159 339.545 0 0.35 
SB3A 1.78m 100 0 0 0 346.137 335.453 0 0.35 
SB3A 1.78m 100 0 0 0 353.224 343.195 0 0.35 
SB3A 1.78m 100 0 0 0 354.16 343.971 0 0.35 
SB3A 1.78m - 
Average 
100 0 0 0 350.813 340.691 0 0.35 
SB3A 0.1m 74.34 21.83 3.83 0.84 290.4 412.477 11.02 2.27 
SB3A 0.1m 77.43 19.21 3.35 0.73 341.053 460.631 11.03 2.23 
SB3A 0.1m 75.83 20.59 3.58 0.78 310.388 409.359 10.87 2.25 
SB3A 0.1m 76.33 20.17 3.5 0.76 326.558 436.418 10.91 2.25 
SB3A 0.1m 77.79 18.93 3.28 0.71 351.035 459.799 10.97 2.23 
SB3A 0.1 m- 
Average 
76.34 20.15 3.51 0.77 323.89 434.572 10.96 2.25 
SB3A 0.5m 100 0 0 0 394.123 378.41 0 0.53 
SB3A 0.5m 100 0 0 0 395.647 376.083 0 0.47 
SB3A 0.5m 100 0 0 0 395.932 376.584 0 0.47 
SB3A 0.5m 100 0 0 0 396.817 377.242 0 0.47 
SB3A 0.5m 100 0 0 0 398.411 378.796 0 0.47 
SB3A 0.5m - 
Average 
100 0 0 0 396.186 377.329 0 0.48 
SB3A 1.0m 100 0 0 0 429.831 411.439 0 0.48 
SB3A 1.0m 100 0 0 0 428.235 410.16 0 0.48 
SB3A 1.0m 100 0 0 0 430.118 409.49 0 0.49 
SB3A 1.0m 100 0 0 0 429.208 411.078 0 0.48 
SB3A 1.0m 100 0 0 0 429.348 411.249 0 0.48 
SB3A 1.0m - 
Average 
100 0 0 0 429.348 410.689 0 0.48 
SB3A 1.5m 100 0 0 0 410.629 392.309 0 0.49 
SB3A 1.5m 100 0 0 0 408.527 391.912 0 0.49 
SB3A 1.5m 100 0 0 0 409.373 391.863 0 0.49 
SB3A 1.5m 100 0 0 0 409.523 391.414 0 0.49 
SB3A 1.5m 100 0 0 0 407.309 389.345 0 0.49 
SB3A 1.5m - 
Average 
100 0 0 0 409.072 391.367 0 0.49 
SB3A 1.78m 100 0 0 0 433.115 412.798 0 0.49 
SB3A 1.78m 100 0 0 0 433.945 412.422 0 0.5 
SB3A 1.78m 100 0 0 0 433.963 412.615 0 0.5 
SB3A 1.78m 100 0 0 0 431.302 410.337 0 0.49 
SB3A 1.78m 100 0 0 0 431.946 410.689 0 0.49 
SB3A 1.78m 100 0 0 0 432.854 411.768 0 0.49 
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- Average 
SB3A 2.64m 100 0 0 0 386.164 361.036 0 0.57 
SB3A 2.64m 100 0 0 0 402.383 382.224 0 0.57 
SB3A 2.64m 100 0 0 0 401.504 381.202 0 0.57 
SB3A 2.64m 97.72 2.28 0 0 387.806 378.173 48.34 0.56 
SB3A 2.64m 97.7 2.3 0 0 378.318 366.048 48.07 0.53 
SB3A 2.64m- 
Average 
99.08 0.92 0 0 391.235 372.873 48.44 0.56 
SB3A 2.87m 97.54 2.46 0 0 392.413 387.606 53.29 0.51 
SB3A 2.87m 97.14 2.86 0 0 380.113 375.568 51.96 0.48 
SB3A 2.87m 96.84 3.16 0 0 380.281 376.817 50.99 0.48 
SB3A 2.87m 96.67 3.33 0 0 379.275 376.033 50.04 0.48 
SB3A 2.87m 96.64 3.36 0 0 381.151 378.154 49.51 0.48 
SB3A 2.87m 
- Average 
96.96 3.04 0 0 382.647 378.298 51.11 0.49 
SB4 1.75m 100 0 0 0 421.535 397.602 0 0.58 
SB4 1.75m 100 0 0 0 414.084 392.018 0 0.57 
SB4 1.75m 100 0 0 0 418.193 396.431 0 0.57 
SB4 1.75m 100 0 0 0 416.486 395.266 0 0.57 
SB4 1.75m 100 0 0 0 415.32 392.656 0 0.57 
SB4 1.75m - 
Average 
100 0 0 0 417.124 394.782 0 0.57 
SB4 0.1m 78.49 19.41 2.11 0.37 287.448 378.249 0 1.94 
SB4 0.1m 78.26 19.57 2.17 0.38 286.832 377.813 0 1.95 
SB4 0.1m 77.73 20.01 2.26 0.4 287.742 392.26 0 1.98 
SB4 0.1m 79.28 18.58 2.13 0.38 317.913 413.08 0 1.98 
SB4 0.1m 77.5 20.14 2.35 0.42 290.389 388.412 0 2.01 
SB4 0.1m - 
Average 
78.25 19.54 2.2 0.39 294.065 389.722 0 1.97 
SB4 0.5m 100 0 0 0 418.425 397.375 0 0.57 
SB4 0.5m 100 0 0 0 419.263 397.845 0 0.57 
SB4 0.5m 100 0 0 0 422.789 400.175 0 0.58 
SB4 0.5m 100 0 0 0 422.096 401.084 0 0.57 
SB4 0.5m 100 0 0 0 425.167 404.73 0 0.57 
SB4 0.5m - 
Average 
100 0 0 0 421.548 400.255 0 0.57 
SB4 1.0m 100 0 0 0 414.108 396.005 0 0.52 
SB4 1.0m 100 0 0 0 416.59 398.711 0 0.53 
SB4 1.0m 100 0 0 0 411.686 395.166 0 0.52 
SB4 1.0m 100 0 0 0 410.832 394.018 0 0.52 
SB4 1.0m 100 0 0 0 411.78 396.052 0 0.52 
SB4 1.0m - 
Average 
100 0 0 0 412.999 395.978 0 0.52 
SB4 1.5m 100 0 0 0 404.16 385.989 0 0.53 
SB4 1.5m 100 0 0 0 402.444 384.722 0 0.53 
SB4 1.5m 100 0 0 0 399.706 382.407 0 0.53 
SB4 1.5m 100 0 0 0 404.003 385.37 0 0.53 
SB4 1.5m 100 0 0 0 400.003 382.358 0 0.53 
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SB4 1.5 m- 
Average 
100 0 0 0 402.063 384.162 0 0.53 
SB4 2.55m 97.01 2.99 0 0 391.438 384.663 49.16 0.54 
SB4 2.55m 96.49 3.51 0 0 388.414 383.165 48.23 0.55 
SB4 2.55m 96.51 3.49 0 0 387.499 383.525 47.88 0.54 
SB4 2.55m 96.28 3.72 0 0 389.408 384.554 46.77 0.55 
SB4 2.55m 96.28 3.72 0 0 389.611 384.777 46.46 0.55 
SB4 2.55m - 
Average 
96.51 3.49 0 0 389.274 384.513 47.68 0.55 
 
